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Introduction
In this contribution, we address a number of open issues regarding the TRS.
We investigate the TRS burst periodicity and show that the periodicity values 20ms, 40ms and 80ms are sufficient for normal deployments as well as for high speed train deployments. See section 2.1.
We study the impact of the TRS bandwidth on performance and conclude that 24RB is sufficient. There are no real arguments for the use of a TRS bandwidth of 50RB and going beyond 50RB would clearly be a waste of resources. We also show that using DMRS outperforms using TRS for estimating the power-delay profile for high SNR. See section 2.4.
We study TRS burst formats considering co-existence with various DMRS configurations and make concrete proposals for the TRS burst format. See section 2.2.
We note that a configured TRS may not always be transmitted by the gNB. In order to handle such situations measurement restrictions are proposed to prohibit the UE from utilizing consecutive TRS bursts unless explicitly indicated to do so. See section 2.6.
We study different alternative mechanisms for course and fine synchronization for PDCCH monitoring and PDSCH reception during DRX on duration. We propose that periodic TRS based DRX synch should be adopted for NR while aperiodic TRS based DRX synch could be considered as a configurable alternative given that certain measurement restrictions are adopted. See section 2.7.
We propose to reuse the CSI-RS resource specific scrambling. A minor modification of the seed could, however, be considered. See section 2.5.
We also study TRS burst and SS-block alignment for beam sweeping purposes. See section 2.3.
Below we summarize the agreements at RAN1#AH3.
Agreement:
The TRS symbol number in each slot for X=2 
· At least 2+2 is supported
· FFS: Support of 3+1

Agreement:
· For TRS, support TRS burst length X=2 slot.
· A slot containing SSB can be configured for TRS 
· TRS may be TDM with SSB to avoid collision
· FFS: TRS may be FDM with SSB to avoid collision
· Strive to have same burst pattern of TRS configurations with and without slot containing SSB

[bookmark: _Ref178064866]Discussion
[bookmark: _Ref494748577]TRS burst periodicity
There seem to be rather large consensus that 20ms periodicity should be used for TRS, see the Way forward [7] supported by seven companies. Unfortunately, no online time was given to treat this way forward and it should be treated at RAN1#90bis instead. Another open issue is whether shorter TRS burst periodicity is needed for the highs-speed train scenarios.
In TR 38.913 and TR 38.802 scenarios for high speed trains (HST) are defined using separate scenarios for low frequencies (around 4GHz) and high frequencies (around 30GHz). An open issue in RAN1 is whether the HST scenarios require a TRS burst periodicity smaller than 20ms but no company has provided any analysis so far on the required TRS periodicity for these scenarios. An analysis of the impacts on the time/frequency tracking and TRS from these scenarios in the subsections below.
High Speed Train (HST) scenario at 4 GHz
The high-speed train scenario for low frequencies is based on bidirectional Remote Radio Head (RRH) located linearly along the railroad track as described in section 6.1.5 in [4] TR 38.913 (see Table 6.1.5-1 and Figure 6.1.5-1 reproduced below in Figure 1). The scenario is further detailed in [5] TR 38.802 (see Table A.2.1-1 and Figure A.2.1-6)
[image: ]
[bookmark: _Ref494452751]Figure 1 4 GHz deployment for high speed trains
The UE speed relatively the RRH, can be described as

where v (m/s) is the speed of the train and d (m) is the smallest distance between the railroad tracks and the TRS (in the picture a remote radio head (RRH)).  In the 4GHz scenario d=100m. At , the UE is closest to the TRP. The corresponding Doppler shift can be expressed as

where  (Hz) is the carrier frequency and c (m/s) is the speed of light. In Figure 2 the Doppler shift is shown as a function of time for 4GHz carrier frequency and for d=50m/100m/200m.

[image: C:\Users\ecshaer\Documents\Repository\ER-RAT\2016\Work\MATLAB\HST\doppler_shift.jpg]
[bookmark: _Ref494454589]Figure 2 Doppler shift plotted versus time assuming a train speed of 500 km/h and a 4GHz carrier frequency. Here t=0 corresponds to the time when the UE/relay on the train is closest to the RRH. The d=100m curve corresponds to the scenario described in TR 38.913 and TR 38.802.

The change in Doppler shift between two TRS bursts can be expressed as

where  is the time between two adjacent TRS bursts.
[image: C:\Users\ecshaer\Documents\Repository\ER-RAT\2016\Work\MATLAB\HST\change_doppler_shift_trs_20ms.jpg]

[bookmark: _Ref494729001]Figure 3 The change of Doppler shift between two adjacent TRS burst separated with 20 ms when the train is passing a RRH at 500 km/h using a 4GHz carrier and varying the distance between the railway tracks and the TRP d = {50m, 100m, 200m}. The d=100m curve corresponds to the scenario described in TR 38.913 and TR 38.802.
In Figure 3, it can be observed that if the transmission point is placed at least 100 meters from the railroad tracks and the trains moves at 500 km/h on the railway tracks, then the largest Doppler shift change between two TRS bursts is about 50 Hz. This is only 0.33% of a 15kHz SCS or 0.17% of 30kHz SCS. This would have no impact on performance at low SNR. At high SNR there would be some limited impact on throughput but the fast frequency change takes place during ~1s when the train pass an RRH which is a small fraction of the time it takes for the train to go from one RRH to the next (12.5s at 500km/h for an inter RRH distance of 1732m). Furthermore, in [3] it was shown that the robust four symbol DMRS pattern intended for high mobility can be used by the UE to efficiently track the frequency even for allocations down to 6RB. Thus, a reduction in performance would only be seen during a small fraction of the time for very low allocations at high SNR.
A reduction of the TRS burst period below 20ms would give a limited performance benefits for a corner case of very small allocations during a small fraction of the time (when passing an RRH) while increasing the TRS overhead and creating additional interference with a negative impact on the overall system performance.
We note finally that the HST requirement in 28.913 is for ‘consistent passenger user experience’. A performance degradation is acceptable as long as mobility is maintained at high speeds. Thus, the increase in overhead from additional DMRS symbols (7% overhead per symbol) as well as the limited throughput reduction discussed above (negligible compared to the DMRS overhead) is acceptable at high speeds.

[bookmark: _Toc494754946][bookmark: _Toc494754972]With 20ms TRS burs periodicity and 4GHz carrier frequency, the maximum Doppler shift change between TRS bursts is about 50 Hz for a deployment where the transmission point is located 100 meters from the railroad tracks.
[bookmark: _Toc494754947][bookmark: _Toc494754973]A reduction of the TRS burst period below 20ms would only give a limited performance increase for a corner case of very small allocations during a small fraction of the time (when passing an RRH in a high-speed train) while increasing the TRS overhead and creating additional interference with a negative impact on the overall system performance.
[bookmark: _Toc494754919]The smallest TRS burst periodicity in NR is 20ms.

High Speed Train (HST) scenario at 30 GHz
The high-speed train scenario for high frequencies is based on unidirectional RRH as described in section 6.1.5 in [4] TR 38.913 (see Table 6.1.5-1 and Figure 6.1.5-2 reproduced below in Error! Reference source not found.). The scenario is further detailed in [5] TR 38.802 (see Table A.2.1-2 and Figure A.2.1-6).
The unidirectional RRH scenario was studied for LTE in [6] TR 36.878 and was, in contrast to the bi-directional scenarios, seen to support 500km/h and even higher velocities.
Using RRH antenna beams with strong side loob suppression directed in the same direction along the railroad track the relay on the train will experience an almost constant Doppler spread equal to plus or minus max Doppler spread depending on the direction the train is travelling. Since there is no fast-changing Doppler shift there is no frequency estimation problem.
For high frequencies, the challenges in terms of frequency and Doppler spread estimation do not get worse as long as the subcarrier spacing is scaled along with the frequency. For a speed of 500km/h at 30GHz carrier frequency the maximum Doppler shift is 13.9kHz. The Nyquist limit for frequency estimation based on reference signals three symbols apart is 16% of the subcarrier spacing or 19kHz for 120kHz subcarrier spacing.
One may also note that at high frequencies it’s much easier to achieve a large side loob suppression with a limited antenna size.

Figure 4 30 GHz deployment for high speed trains

[bookmark: _Toc494754948][bookmark: _Toc494754974]The high-speed train scenario for high frequencies is based on unidirectional RRH which eliminates the problem with fast-changing Doppler shifts.
Discussion on TRS burst periodicity
From the WF [7], it is stated that 20 ms periodicity should be supported with FFS on 10, 40 and 80ms.
The maximum periodicity that can be achieved depends on the expected frequency drift of the UE oscillator, the performance of the frequency estimator, and what frequency error one can accept. In [8] Mediatek gave a worst-case frequency drift of 0.16 ppm/sec considering the slope in the temperature stability curve (ppm/oC), the temperature drift rate (oC/sec) and the experience learned from LTE. 
Combining this worst-case frequency drift figure from a chipset manufacturer with simulations of the sensitivity of throughput to frequency errors (see Figure 13 and Table 8 in Appendix 5.1) we can calculate the worst-case throughput loss due to frequency drift for different TRS burst periodicities (see Table 1, and further Table 4, Table 5 and Table 6 in Appendix 5.1). Note that the average frequency drift will be half the frequency drift over the full TRS burst period.
We note that the throughput loss due to frequency drift is very low at low to medium SNR. It becomes significant only at very high SNRs.
If we accept a worst-case throughput loss of 5% at very high SNRs then we can use a TRS burst periodicity of 20ms to 80ms for different combinations of subcarrier spacing and frequencies (see Table 1).

[bookmark: _Ref490255555]Table 1 TRS burst periodicities that will give an insignificant throughput loss at low to medium SNR and a worst-case throughput loss of less than 5% at high SNRs due to worst-case frequency drift.
	TRS burst periodicity

	15kHz SCS at 2 GHz
	40ms

	30kHz SCS at 2 GHz
	80ms

	15kHz SCS at 5 GHz
	20ms

	30kHz SCS at 5 GHz
	40ms



We can thus make the following observation:
[bookmark: _Hlk490256865][bookmark: _Toc494754949][bookmark: _Toc494754975]The following TRS burst periodicities will give an insignificant throughput loss at low to medium SNR and a worst-case throughput loss of less than 5% due to a worst-case frequency drift of 0.16ppm/s: 40ms periodicity for 30kHz SCS at 5 GHz; 40ms periodicity for 15kHz SCS at 2 GHz; 80ms periodicity for 30kHz SCS at 2 GHz; 20ms periodicity for 15kHz SCS at 5 GHz; 40ms periodicity for 30kHz SCS at 5 GHz;
We note that these results are based on LTE numbers on frequency drift. Since LTE was designed, further development is expected and the TCXO, Temperature Controlled Crystal Oscillators have become significantly cheaper. In designing a new radio access technology for the next decade using the TCXO technology should be considered, especially since energy efficiency is a key target for NR. With TCXO significantly longer TRS burst periodicity could be utilized in NR. 
We note also that any TDD structure must fit with the 20ms periodicity of the SS block. A TRS burst periodicity which is a multiple of 20ms will therefore make it easy both to avoid collisions with the SS block and to ensure that the TRS burst will come in downlink slots.
[bookmark: _Hlk490256882][bookmark: _Toc494754950][bookmark: _Toc494754976]A TRS burst periodicity which is a multiple of 20ms will make it easy both to avoid collisions with the SS block and to ensure that the TRS burst will come in downlink slots.
Based on the analysis above, and the analysis for the high speed UE cases in previous sections, we propose that the TRS should be configurable with a burst periodicity of 20ms, 40ms and 80ms. 
[bookmark: _Toc494754920]The TRS shall be configurable with a burst periodicity of 20 ms, 40 ms, and 80 ms.

[bookmark: _Ref494749629]TRS Burst format
From the analysis on frequency and time tracking performance based on TRS burst patterns we reach the following main design criteria for the TRS symbol positions in a burst:
· The distance between at least two symbols in the TRS burst should not be larger than four OFDM symbols in order to support estimation of large frequency offsets.
· A large time span of the TRS burst is necessary to achieve sufficiently good frequency estimation accuracy.
· Keep the total number of symbols used for the TRS burst down to limit the amount of interference created, to save energy and to simplify the combination of TRS with other reference signals.

DMRS co-existence

First some general observation that are useful for understanding how to multiplex DMRS and TRS.
[bookmark: _Toc494754951][bookmark: _Toc494754977]TRS can co-exist on the same symbol with Type-1 DMRS if only a single comb is utilized (1-layer or 2-layers depending on the antenna port mapping table discussion).
[bookmark: _Toc494754952][bookmark: _Toc494754978]TRS can’t co-exist on the same symbol with DMRS Type-2 
[bookmark: _Toc494754953][bookmark: _Toc494754979]The gNB can to some extent avoid DMRS and TRS collision by not scheduling specific DMRS configurations in slots where the DMRS positions coincide with one or more TRS symbols in the same slot. 
To assess the feasibility of TDM of TRS and DMRS we need to agree on the SCS on the TRS. In the RAN WG1 discussions so far, the general assumption has been that the SCS of TRS is equal to the SCS of the PDSCH. To clarify the SCS for TRS in non-SSB slots we suggest that;
[bookmark: _Toc494754921]The TRS should have the same numerology as the active bandwidth part (BWP) in slots not configured for SS burst. 
[bookmark: _GoBack]The positions for the PDSCH DMRS has been agreed in previous meetings. The agreed DMRS configurations are summarized in Table 2. 

[bookmark: _Ref494547835]Table 2 A summary of agreed PDSCH symbol positions for different PDCCH configurations (blue indicates symbols occupied by DMRS and red indicates symbols occupied by PDCCH. UL symbols are not shown).
[image: ]

By inspecting Table 2, we can make the following observation;
[bookmark: _Toc494754954][bookmark: _Toc494754980]All symbols in a DL slot, except symbol with index 12 and 13 can be configured with PDCCH or DMRS.
[bookmark: _Toc494754955][bookmark: _Toc494754981]As symbol index 12 and 13 are likely to be used for UL in many configurations it is not sufficient to only use those for TRS. 
[bookmark: _Toc494754956][bookmark: _Toc494754982]The only DMRS configuration using symbol index 5 is the one-symbol front-loaded DMRS with 3 additional DMRS. This DMRS configuration is intended for robust transmission and/or high speed. Thus, performance will not suffer significantly if layer restriction is applied to slots where symbol index 5 is used for TRS.

We note that PDCCH use at maximum the three first symbols (symbol index 0, 1 and 2) in the slot. In addition, it is a common case that DMRS occupy the first, or the first two symbols after PDCCH. Thus, symbol index 3 and 4 should be avoided. To maximize the total span in time of the TRS symbols within the slot, without colliding with PDCCH and avoiding REs commonly used for DMRS, we propose to have the first TRS symbol at index 5 (the first symbol in the slot has index 0) and the last TRS symbol in the slot at index 13.  
To handle large frequency errors, and the case when symbol index 13 is used for UL, we need at least one additional symbol in between symbol index 5 and symbol index 13. Symbol index 9 and 11 should be avoided as these two symbol indices are commonly used for DMRS; symbol index 9 is used for DMRS in 6 out of 17 configurations symbol index 11 and is used for DMRS in 7 out of 17 configurations. 
In a scenario with limited frequency errors less than a 1-2 kHz (with sub carrier spacing of 15 kHz) an inter TRS symbol distance of 3 symbols is to prefer compared to an inter-symbol distance of 1 one symbol. Thus, symbol index 8 is better than symbol index 6 for TRS. Finally, symbol-index 10 may be used for down-link in some scenarios with self-contained slot. Therefor we propose to use symbol index 8 for TRS, in addition to 5 and 13. Symbol 8 can be used for TRS with DMRS Type 1 (OCC in frequency) as long as the number of layers are limited to one or two. 

[bookmark: _Toc494754922]Use inter-symbol distance between TRS symbols in a slot of 3, for example symbol index 5 and 8 
[bookmark: _Toc494754923]Symbol indices 5,8,13 in a slot can have TRS

With TRS symbol indexes = {5,8,13} the total span in time of the TRS symbols within one slot would be 8 which is a bit short to give good frequency estimation accuracy. We therefore propose to support a two--slot TRS burst, but due to overhead reasons using only symbol index 13 for the TRS burst in the second slot, maximizing the timespan within two slots while keeping overhead and the total number of symbols down.

[image: Z:\Sync folder\Projects\STAR_NSA\RS team\Fine frequency-time tracking\Nagoya 2017-09-18\figures\throughput_bps_trs_20ms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=24RB,__284053_283948_283946_283950zoom.jpg]
[bookmark: _Ref492913720]Figure 5 Throughput versus SNR for different TRS patterns for B=BW=24RB for TDL-A, 300ns delay spread, Jakes 3km/h.
Evaluations comparing throughput between the different TRS burst formats can be found in Figure 5 and for more scenarios also in the figures in section  Error! Reference source not found.. The evaluation results show that all formats are similar in throughput for SNR > 3 dB. For low SNR, the one slot (X=1) TRS burst format performance is worse in performance compared to two slot (X=2) and four slot (X=4) TRS burst formats. Especially the TRS burst format 1b (X=1 slot with TRS symbols 5 and 8) sticks out for B = 50 and 24 RBs having significantly worse performance at low SNR loosing up to 1.5 dB in sensitivity for B = 24 RBs. However, the TRS burst format 1c (X=1 slot with TRS symbols 5, 8 and 13) performs very well, similar to the two and four slot TRS burst formats. The difference between two slot (X=2) and four slot (X=4) TRS burst formats is hardly noticeable except for B=24 where a small performance advantage of four slot (X=4) TRS burst formats can be observed at low SNR. 
[bookmark: _Toc492935446][bookmark: _Toc494754957][bookmark: _Toc494754983]The one-slot TRS burst format 1c (X=1 slots with TRS symbols 5, 8, and 13) is superior to the one-slot TRS burst format 1b (X=1 slots with TRS symbols 5, and 8)

[bookmark: _Toc492935447][bookmark: _Toc494754958][bookmark: _Toc494754984]The two-slot TRS burst format 2a (X=2 slots with TRS symbols 5, 8,13, and 13) is sufficient for achieving a good balance between overhead and performance, adding more overhead does not improve the throughput.
[image: Z:\Sync folder\Projects\STAR_NSA\RS team\Fine frequency-time tracking\Nagoya 2017-09-18\figures\f_est_error_rms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=24RB,__283948_283946_283950zoom.jpg]
[bookmark: _Ref492913875]Figure 6 Frequency estimation accuracy rms in percent of the subcarrier spacing (15kHz) versus SNR for different TRS patterns for B=BW=24RB for TDL-A, 300ns delay spread, Jakes 3km/h.
Evaluations comparing frequency synchronization performance between the different TRS burst formats can be found in Figure 6 and for more scenarios also in the figures in section Error! Reference source not found.. Assuming similar requirements as LTE on the UE frequency synchronization, the error should be less than 0.1ppm of the carrier frequency when UE RX SNR > -6 dB. Thus, assuming a carrier frequency of 2GHz the error should be less than 200 Hz or 1.3% of the 15kHz subcarrier spacing. All TRS formats provide better than 200Hz rms frequency error at -6dB.  However, at lower carrier frequencies the requirement gets tougher. At 1GHz carrier frequency the error should be less than 100Hz or 0.67% of the SCS. This can only be achieved with the two and four slot patterns. The conclusion is that a two slot TRS is sufficient for achieving a good balance between overhead and performance, adding more overhead does not improve the throughput.
The two-slot TRS burst format 2a (TRS symbol indices 5, 8,13, and 13) give better frequency synchronization performance than the TRS burst format 2b (TRS symbol indices 5, 8, and 5, 8).
The four-slot TRS burst formats 4a (TRS symbol indices 5, 8,13, and 13, and 5, 8, 13, and 13) and 4b (TRS symbol indices 5, 8,13, and 13, and 13, and 13) perform on par with each other but outperform TRS burst format 4c (TRS symbol indices 5, 8, and 5, 8 and 5, 8, and 5, 8) in terms of frequency estimation. The TRS burst formats 4b utilizes only 6 symbols per TRS burst while the TRS burst formats 4a utilizes only 8 symbols. The TRS burst formats 4b is thus more energy efficient and creates 25% less interference than TRS format 4a.
[bookmark: _Toc492935448][bookmark: _Toc494754959][bookmark: _Toc494754985]The two-slot TRS burst format 2a (X=2 slots with TRS symbol indices 5, 8,13, and 13) gives the best frequency synchronization performance of the two slot burst formats studied and is sufficient for achieving a frequency estimation accuracy below 0.1 ppm of the carrier frequency.

For self-contained operation, where a short PUCCH is transmitted in the same slot as the PDSCH, the two or three last symbols in the slot are used for guard and uplink and the symbol with index 13 can’t be used for the TRS in any of the slots. In this case, we propose to use the symbols with index 5 and 8 in both slots in the TRS burst (TRS Burst format 2b).
[bookmark: _Toc492935465][bookmark: _Toc494754924]For the two slot TRS burst, two TRS configurations are supported: The OFDM symbols with index 5 and 8 in both slots and the OFDM symbols with index 5, 8 and 13 in the first slot and index 13 in the second slot.
At high frequencies PTRS can be used for frequency estimation if agreements are made so that PTRS can be configured as always on (depends on the outcome of the default PTRS table discussions). TRS is thus needed for time synchronization only. A single symbol TRS is sufficient in this case. In this case, we propose to use the symbol with index 5 for the TRS allowing for early time synch.
[bookmark: _Toc492935466][bookmark: _Toc494754925]Configuration of the TRS burst to a single slot (X=1) is supported and TRS is mapped to OFDM symbol index 5.
[bookmark: _Toc492935467][bookmark: _Toc494754926]The proposed TRS burst formats can be summarized as (See also Figure 7)
· TRS burst Format 1a: X=1 slot with TRS in symbol index 8
· TRS burst Format 2a: X=2 slots with TRS in symbol index 5, 8, 13 and 13 respectively
· TRS burst Format 2b: X=2 slots with TRS in symbol index 5, 8 and 5, 8 respectively
[image: ]

[bookmark: _Ref492714194]Figure 7 Proposed TRS burst formats.

[bookmark: _Ref494749859]SS-block 
In the RAN1#AH3 meeting, it was agreed that
· A slot containing SSB can be configured for TRS 
· TRS may be TDM with SSB to avoid collision
· FFS: TRS may be FDM with SSB to avoid collision
· Strive to have same burst pattern of TRS configurations with and without slot containing SSB

Aligning TRS and SS-block (SSB) has been proposed to enable the UE to synchronize efficiently after waking up from long DRX. However, we show in Section 2.7, that there are many alternatives to enable efficient and long DRX. However, one important aspect that may motivate an alignment of SSB and TRS in time is to enable efficient transmission of TRS using analog beamforming to beam sweep the SSB and the TRS using the same beam. However, beam sweeping and frequency synchronization has conflicting requirements on the RS signal; for efficient beam sweeping we want to signal to be short in time and for frequency estimation we want to signal to be spread out of over about two slots.
If the gNB supports fully flexible digital beam forming, then the time alignment of SSB and TRS is an unnecessary restriction. Then there is simply no efficiency gain in transmitting TRS and SSB using the same slots.   
To assess the possibility to multiplex TRS and SSB it is important to understand the SSB format and SS burst formats. 
The SSB format can be summarized as:
· NR-PSS (NR - Primary Synchronization Signal)
· 127 sub-carriers in the 1st OFDM symbol
· NR-SSS (NR - Secondary Synchronization Signal)
· 127 sub-carriers in the 3rd OFDM symbol
· NR-PBCH (NR - Physical Broadcast Channel)
· 288 sub-carries in the 2nd and 4th OFDM symbols
see also Figure 8. 

[image: ]
[bookmark: _Ref494459877][bookmark: _Ref494459868]Figure 8 SSB
SS-blocks are then grouped into SS bursts. The maximum number of SS-blocks within SS burst set, L, for different frequency ranges are
· For frequency range up to 3 GHz, L is 4
· For frequency range from 3 GHz to 6 GHz, L is 8
· For frequency range from 6 GHz to 52.6 GHz, L is 64
see Figure 9.
[image: ]
[bookmark: _Ref494460076]Figure 9 SS burst set configurations for different SCS
First consider TDM of TRS burst and the SSBs’ in a SS burst set. To strive to have same burst pattern of TRS configurations within and outside slots containing SSB, the TRS pattern should comply with
1. The TRS should avoid potential PDCCH symbols 
2. The TRS positions should be chosen to minimize the impact of PDSCH DMRS collisions.
3. The TRS burst format should comply to what has been agreed so far. That is X = 2, with 2+2 and B = {24,50} RBs.
4. The TRS REs are not allowed to collide with any REs used by SSB.

Selecting the numerology used for TRS in slots containing SSB is not obvious. It is agreed to strive to have same burst pattern of TRS configurations within and outside slots containing SSB. However, in the RAN1 discussions, so far, the general assumption has been that the SCS of TRS is equal to the SCS of the PDSCH.  Let us here, for simplicity, assume the same numerology on TRS and SSB for SCS = {15, 30,120, 240} kHz. Figure 9 show the symbol indices occupied by SSB for different SCS. By inspecting this figure, we can make the following observations: 

[bookmark: _Toc494754960][bookmark: _Toc494754986]There is no single X=2, 2+2 TRS burst format that could fit into the SS burst configurations for all SCS.
[bookmark: _Toc494754961][bookmark: _Toc494754987]For each SCS = {15, 30,120} kHz it is possible to find different TRS burst patterns complying with X=2, and 2+2 while also avoiding TRS in symbol index 1 and 2 and doing TDM with SSB, if we select the SCS of TRS to be the same as the SCS for SSB. For example, we could potentially use 
· [bookmark: _Toc494754962][bookmark: _Toc494754988]for SCS=15kHz and SCS=30kHz format 2, symbol index 6, 7 and 13 in the n:th slot and symbol index 13 in the n+1 slot (X=2, 3+1 TRS burst format). 
· [bookmark: _Toc494754963][bookmark: _Toc494754989]for SCS=30kHz format 1 and SCS=120 kHz, symbol index 3 and 12 in the n:th and symbol index 10 and 13 in the n+1 slot (X=2, 2+2 TRS burst format)
[bookmark: _Toc494754964][bookmark: _Toc494754990]For SCS={120kHz, 240kHz} analog beamforming and beam sweeping is very likely to be used to transmit SSB
TDM of TRS with SSB and it is not very suitable for enabling efficient beam sweeping of TRS and SSB. For efficient frequency estimation, the TRS will be much wider in time than the SSB. With FDM of TRS with SSB there is much more freedom to place the TRS. 

[bookmark: _Toc494754927]If SSB and TRS have the same SCS then it should be possible to configure FDM of TRS and SSB.

[bookmark: _Toc494754928]Study how to enable efficient transmission of TRS using analog beamforming to beam sweep the SSB and the TRS using the same beam.
 
 

[bookmark: _Ref494748908]TRS Bandwidth
In the 3GPP WG1 #90 it was agreed to “Consider further supporting the bandwidth of TRS to be configured up to the bandwidth of the BWP in addition to ~24, ~50 RBs, and make decision in next meeting”. In simulations we see, however, no significant improvement in throughput in increasing the TRS bandwidth from 50RB to 100RB (see Figure 10). In fact, we see no significant improvement in throughput in going from 24RB to 50RB either. We do see an effect in frequency estimation accuracy (see Figure 11). The UE uplink transmission requirement (0.1ppm of the carrier frequency) is however reached already with a 24RB TRS and we don’t see any benefit of a further improved frequency estimation if it doesn’t impact throughput. One may also note that increasing the length of the TRS burst would be a more efficient way to improve the frequency estimation accuracy if that was needed. We note also that increasing the TRS bandwidth create more interference (a factor 2 for going from 50RB to 100RB) and increase energy consumption. In conclusion, we see absolutely no reason to support larger TRS bandwidths than 50RB.
[bookmark: _Toc492935450][bookmark: _Toc494754965][bookmark: _Toc494754991]Increasing the TRS Bandwidth (B) beyond 50RB give no significant improvement in terms of link level throughput while it creates more interference and consumes more energy. The UE uplink transmission requirement (0.1ppm of the carrier frequency) can be reached without increasing the TRS Bandwidth (B) beyond 50RB.
[bookmark: _Toc492935468][bookmark: _Toc494754929]Limit the TRS bandwidth to a maximum of 50RB.
[bookmark: _Toc492935469][bookmark: _Toc494754930][image: X:\Documents\TRSstudies2017\eperern_ran1_nr3_0918\throughput_bps_trs_20ms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=100RB,__283817zoom1.jpg]
[bookmark: _Ref492928571]Figure 10 Throughput versus SNR for different two slot TRS patterns for TRS bandwidths B=24RB, 50RB and 100RB for a system bandwidth of 100RB. The channel used was TDL-A with 300ns delay spread, Jakes 3km/h. The carrier frequency was 2GHz and the subcarrier spacing was 15kHz.
[bookmark: _Toc492935470][bookmark: _Toc494754931][image: X:\Documents\TRSstudies2017\eperern_ran1_nr3_0918\f_est_error_rms_TDL-A,_300ns_delayspread,_3km_per_hour,_BW=100RB,__283817zoom.jpg]
[bookmark: _Ref492928590]Figure 11 Frequency estimation accuracy rms in percent of the subcarrier spacing (15kHz) versus SNR for different two slot TRS patterns for TRS bandwidths B=24RB, 50RB and 100RB for a system bandwidth of 100RB. The channel used was TDL-A with 300ns delay spread, Jakes 3km/h. The carrier frequency was 2GHz.

In [9] we show by evaluation that using DMRS outperforms using TRS for estimating the power-delay profile for high SNR. Thus, the power-delay profile estimation using TRS should not be allowed to drive the requirement on the TRS bandwidth as argued in Error! Reference source not found.. Thus, the previously agreed two options for TRS bandwidth of 24RBs and 50RBs are sufficient for NR.
[bookmark: _Toc494754932]TRS bandwidth B are 24 RBs and 50RBs, and all other options are precluded.
[bookmark: _Ref494751338]TRS Scrambling
Since TRS bursts from different UEs may be overlapping, it makes sense to follow the same design principle for TRS as for other RSs in NR, namely that the TRS sequence is resource specific, see also [11].
[bookmark: _Toc494754933]TRS sequence is resource specific
Moreover, the same scrambling as for CSI-RS can be reused, but potentially with a different initialization parameter. 
[bookmark: _Toc494754934]Use the same formula for TRS sequence as for CSI-RS. FFS on whether same or different initialization value c_init is used. 
[bookmark: _Ref494750869]TRS Measurement Restriction
It is observed that a configured TRS may not always be transmitted by the gNB. There are several reasons for this:
· In fully dynamic TDD, the uplink may be temporarily prioritized and thus a slot containing a TRS is an uplink slot
· A long PUCCH temporarily blocks one or more of the TRS symbols in a burst 
· In NR unlicensed operation, the gNB does not have access to the channel since it is used by another node
· There is no data traffic in the served cell, and frequent, periodic TRS is not needed

To avoid problems in channel estimation at the UE when this occurs, the UE should only base the channel analysis on a single TRS burst, unless explicitly indicated that it can utilize consecutive bursts. In the latter case, the gNB guarantees that all configured TRS bursts are actually transmitted, and will be used to support lower latency operation as a high MCS packet can be scheduled at any time. 
Whenever a configured TRS has not been transmitted, the gNB has to be more conservative in scheduling PDSCH, i.e. select a robust MCS or to wait until the next periodic TRS burst occasion, transmit the TRS burst and after this, schedule the PDSCH. This introduces latency, but it is the operator choice to prioritize latency or energy efficiency. 
[bookmark: _Toc494754935]Support a UE specific RRC configuration of TRS measurement restriction. When enabled, the UE should only base the channel analysis on the most recent TRS burst occasion. 

[bookmark: _Ref494743493][bookmark: _Ref494750467]Synchronization for DRX on duration
For frequency and time synchronization for the DRX on duration three alternatives have been discussed
· DMRS based synchronisation
· Synchronization based on periodic TRS
· Synchronization based on aperiodic TRS
All these methods have their merits as discussed in the subsections below and multiple solutions could be considered.
In [8] Mediatek gave a worst-case frequency drift of 0.16 ppm/sec considering the slope in the temperature stability curve (ppm/oC), the temperature drift rate (oC/sec) and the experience learned from LTE. Based on this worst case drift we can calculate the maximum frequency and time drifts during a DRX cycle length t as
 ,
 ,
where p is the frequency drift in proportion to the carrier frequency .
In Table 3 we give the frequency and time drift for different DRX cycle lengths for 5GHz carrier frequency and 15kHz subcarrier spacing. Note that this is a tough combination with a small subcarrier spacing in relation to the carrier frequency.
[bookmark: _Ref494729790]Table 3 Frequency and time drift during different DRX cycle lengths assuming a max frequency drift of 0.16ppm/s for 5GHz carrier frequency and 15kHz subcarrier spacing.
	DRX cycle time
[ms]
	Max Frequency drift
[Hz]
	Max Frequency drift
[% of SCS]
	Max Time drift
[s]
	Max Time drift
[% of CP]

	2560
	2048
	14%
	5.24E-07
	11%

	1000
	800
	5%
	8.00E-08
	2%

	500
	400
	3%
	2.00E-08
	0.4%

	100
	80
	0.5%
	8.00E-10
	0.02%

	10
	8
	0.05%
	8.00E-12
	0.0002%



We note that coarse time synchronization is maintained even for long DRX cycles.
For short to medium DRX cycle lengths also coarse frequency synchronization can be maintained and thus PDCCH can be monitored without renewed synchronization. In this case only fine synchronization is needed to receive PDSCH.
For very long DRX cycles coarse frequency synchronization is lost. It can be recovered based on the SS-block but since coarse time synchronization is maintained and the frequency error is still a fraction of the subcarrier spacing the TRS could also be used.
We note also that for very short DRX cycle lengths also fine synch is maintained and no additional synch is needed.

[image: ]
Figure 12 DRX nomenclature.
[bookmark: _Toc494754966][bookmark: _Toc494754992]Coarse time synchronization is maintained also for long DRX cycles and the frequency offset is maintained below 15% of the subcarrier spacing. Thus, coarse frequency synchronization can be performed based on the TRS. No coarse synchronization based on the SS-block is required.

Periodic TRS
If the periodic TRS is used for synchronization at the start of On duration no additional TRS is needed for this purpose. This is clearly beneficial from a TRS overhead, system interference and BS energy efficiency perspective.
The basic mechanism would be that the UE in DRX wakes up to synchronize to the last periodic TRS before the start of it’s On duration. After synchronizing the UE either stays awake until the start of it’s On duration or if the time is long the UE goes back to sleep until the start of it’s On duration (depending on what is most energy efficient).
The UE energy consumption here depends on the power consumption in sleep mode and with RX on as well as on the cost in terms of power consumption (if any) for going into sleep mode and to wake up. Without a RAN1 approved model for UE power consumption a quantitative analysis is, however, not possible.
In a cell with few UEs in DRX all these UEs can be configured to have the start of their On duration close in time after the TRS which will give good energy efficiency for the UEs. In a cell with a large number of UEs in DRX the start of On duration times would, however, need to be distributed in time in order to distribute load possibly resulting in a somewhat larger average energy consumption for the UEs.
Since the periodic TRS is needed also for other purposes no additional overhead or interference is created.
If the DRX period is so long that the UE needs to perform coarse synchronization the most energy efficient way to do this is to perform both coarse and fine synchronization based on one and the same TRS burst.
If instead the SS-block is used for coarse synch, then the UE needs to wake up for the last SS-block transmission before the start of it’s On duration. The periodic TRS should then have been configured as close in time after the SS-block as possible since the UE will need to perform a two-step synchronization first based on the SS block and next based on the periodic TRS before it’s ready to receive PDCCH and PDSCH. The only way to reach the same UE energy efficiency as for purely TRS based synchronization would be to frequency multiplex the TRS burst with the SS-block or time multiplex the TRS with the SS block within the same slot.
The periodic TRS based method is a very simple and robust method that doesn’t require any additional standardization effort. We propose that the periodic TRS based method is adopted for NR.
[bookmark: _Toc494754967][bookmark: _Toc494754993]For optimal UE energy efficiency one should either a) use TRS for both coarse synchronization for PDCCH monitoring and for fine synchronization for PDSCH reception during DRX on duration or b) align the TRS and the SS-block in time either by frequency multiplexing the TRS burst with the SS-block or by time multiplexing the TRS burst with the SS block within the same slot.
[bookmark: _Toc494754936]Use the TRS for both coarse synchronization for PDCCH monitoring and for fine synchronization for PDSCH reception during DRX on duration.
[bookmark: _Toc494754968][bookmark: _Toc494754994]Since the periodic TRS is needed also for other purposes no additional overhead or interference is created if UE synchronization based on periodic TRS is used for PDCCH monitoring and PDSCH reception during DRX on duration. Further more, no additional standardization effort is required.
[bookmark: _Toc494754937]UE synchronization based on periodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration shall be supported.
Aperiodic TRS
The basic mechanism for DRX wake up with aperiodic TRS would be that the UE in DRX wakes up two slots before the start of it’s On duration to synchronize to an aperiodic two slot TRS transmitted in the slots immediately before the start of it’s On duration. After synchronizing, the UE is ready to receive the PDCCH and PDSCH.
UEs that receive data ‘colliding’ with the aperiodic TRS would be informed about the aperiodic TRS through DCI indication and would thus be able to rate match around the aperiodic TRS.
The benefit with the aperiodic TRS is that the time the UE needs to stay awake is minimal also when there are many UEs in DRX in the cell. Thus, aperiodic TRS may give somewhat lower UE power consumption in this high load case. With many UEs in DRX in the cell there will, however, be a need for many aperiodic TRS instances, increasing TRS overhead and interference. To make an aperiodic TRS feasible from a system perspective it should therefore be possible for the base station to transmit the periodic TRS only when the UE is to be scheduled during ‘on duration’. To avoid that the UE uses a measurement based on an aperiodic TRS that was not transmitted for e.g. an uplink transmission a measurement restriction is needed:
· Measurement restriction for a UE configured for DRX with aperiodic TRS
· The UE shall use measurements based on the aperiodic TRS for monitoring of PDCCH during the on duration following the aperiodic TRS.
· If the UE doesn’t manage to decode any message in PDCCH during the on duration following the aperiodic TRS, the UE may not use measurements based on the aperiodic TRS for any other purpose.
We believe that aperiodic TRS based DRX synch could be considered as a configurable alternative to periodic TRS based DRX synch with a measurement restriction allowing the BS to transmit the aperiodic TRS only when the UE is to be scheduled in it’s upcoming DRX on duration.
[bookmark: _Toc494754969][bookmark: _Toc494754995]UE synchronization based on aperiodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration require DCI indication to allow scheduled UEs to rate match around the TRS.
[bookmark: _Toc494754970][bookmark: _Toc494754996]UE synchronization based on aperiodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration create additional TRS overhead and interference. To limit the additional TRS overhead and interference to a reasonable level the BS should transmit the aperiodic TRS only when the UE is to be scheduled in the UEs upcoming DRX on duration. A measurement restriction would be needed to control the UE behaviour not to misuse aperiodic TRS measurements.
[bookmark: _Toc494754971][bookmark: _Toc494754997]UE synchronization based on aperiodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration may give lower UE power consumption than periodic TRS based synchronization in cells with a large number of UEs in DRX. A quantitative evaluation is, however, hard to do lacking a RAN1 approved model for UE power consumption.
[bookmark: _Toc494754938]RAN1 to study further the benefits of UE synchronization based on aperiodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration. The synchronization method should come with a measurement restriction allowing the BS to transmit the aperiodic TRS only when the UE is to be scheduled in it’s upcoming DRX on duration. The synchronization method should be considered as a configurable alternative to UE synchronization based on periodic TRS.

DMRS based synchronisation

DMRS can be used to synchronize a DL slot with good quality if more than two DMRS symbols are used per slot and the allocation is large enough as shown in [3]. This can be used to synchronize the UE when the TRS is unavailable. Especially with the one symbol front-loaded DMRS with three additional DMRS very good performance can be achieved if or the synchronization can be done in two steps; measure frequency error in the first slot and adjust the synchronization for the next slot.
Good coverage performance can be achieved even with a small allocation such as 6 RBs as long as the code rate is low enough even with large synchronization errors; frequency errors up to 10% of the SCS, and/or delay errors up to  of the symbol length can typically be handled. 
We assume here that the DRX cycle length is such that course frequency synch is maintained and thus that PDCCH can be monitored without renewed synch. In this case only fine synch is needed. In [3] it was shown that fine synch can be achieved based on DMRS as long as the allocated bandwidth is not too small. Thus, synch can be ensured by the network allocating a large enough bandwidth and by using a suitable DMRS pattern. In order to take advantage of DMRS synchronization it is necessary for the UE to know that it can expect a PDSCH allocation that allows for fine synch. Otherwise the UE would need to perform fine time synch based on the last TRS burst before the start of its On duration.

[bookmark: _Toc494754939]If the UE has not been configured with a TRS, then UE synchronization for PDCCH monitoring and PDSCH reception during DRX on duration should be done based on DMRS. In this case the gNB is responsible to allocate suitable DMRS formats to allow synchronization.
The gNB should then configure a suitable DMRS format for synchronization and schedule a DL PDSCH frequently enough for the UE to keep synchronization.
Using one symbol front-loaded DMRS with three additional DMRS together with a robust coding to enable the UE to demodulate and decode the first slot after DRX. Then the UE can adjust the oscillator and the FTT window in time before the next slot arrives. The next slot can then be schedule with a DL slot with less DMRS symbols and higher code rate, to increase the throughput. If a CSI-RS has been received maybe also higher order modulation and/or multi-layer MIMO can be used. The UE can then continuously use DMRS to frequency and time synchronize the UE as long as PDSCH is transmitted and multiple DMRS symbols are used in at least some slots.   



Conclusion
In section 2 we made the following observations:

Observation 1	With 20ms TRS burs periodicity and 4GHz carrier frequency, the maximum Doppler shift change between TRS bursts is about 50 Hz for a deployment where the transmission point is located 100 meters from the railroad tracks.
Observation 2	A reduction of the TRS burst period below 20ms would only give a limited performance increase for a corner case of very small allocations during a small fraction of the time (when passing an RRH in a high-speed train) while increasing the TRS overhead and creating additional interference with a negative impact on the overall system performance.
Observation 3	The high-speed train scenario for high frequencies is based on unidirectional RRH which eliminates the problem with fast-changing Doppler shifts.
Observation 4	The following TRS burst periodicities will give an insignificant throughput loss at low to medium SNR and a worst-case throughput loss of less than 5% due to a worst-case frequency drift of 0.16ppm/s: 40ms periodicity for 30kHz SCS at 5 GHz; 40ms periodicity for 15kHz SCS at 2 GHz; 80ms periodicity for 30kHz SCS at 2 GHz; 20ms periodicity for 15kHz SCS at 5 GHz; 40ms periodicity for 30kHz SCS at 5 GHz;
Observation 5	A TRS burst periodicity which is a multiple of 20ms will make it easy both to avoid collisions with the SS block and to ensure that the TRS burst will come in downlink slots.
Observation 6	TRS can co-exist on the same symbol with Type-1 DMRS if only a single comb is utilized (1-layer or 2-layers depending on the antenna port mapping table discussion).
Observation 7	TRS can’t co-exist on the same symbol with DMRS Type-2
Observation 8	The gNB can to some extent avoid DMRS and TRS collision by not scheduling specific DMRS configurations in slots where the DMRS positions coincide with one or more TRS symbols in the same slot.
Observation 9	All symbols in a DL slot, except symbol with index 12 and 13 can be configured with PDCCH or DMRS.
Observation 10	As symbol index 12 and 13 are likely to be used for UL in many configurations it is not sufficient to only use those for TRS.
Observation 11	The only DMRS configuration using symbol index 5 is the one-symbol front-loaded DMRS with 3 additional DMRS. This DMRS configuration is intended for robust transmission and/or high speed. Thus, performance will not suffer significantly if layer restriction is applied to slots where symbol index 5 is used for TRS.
Observation 12	The one-slot TRS burst format 1c (X=1 slots with TRS symbols 5, 8, and 13) is superior to the one-slot TRS burst format 1b (X=1 slots with TRS symbols 5, and 8)
Observation 13	The two-slot TRS burst format 2a (X=2 slots with TRS symbols 5, 8,13, and 13) is sufficient for achieving a good balance between overhead and performance, adding more overhead does not improve the throughput.
Observation 14	The two-slot TRS burst format 2a (X=2 slots with TRS symbol indices 5, 8,13, and 13) gives the best frequency synchronization performance of the two slot burst formats studied and is sufficient for achieving a frequency estimation accuracy below 0.1 ppm of the carrier frequency.
Observation 15	There is no single X=2, 2+2 TRS burst format that could fit into the SS burst configurations for all SCS.
Observation 16	For each SCS = {15, 30,120} kHz it is possible to find different TRS burst patterns complying with X=2, and 2+2 while also avoiding TRS in symbol index 1 and 2 and doing TDM with SSB, if we select the SCS of TRS to be the same as the SCS for SSB. For example, we could potentially use
	for SCS=15kHz and SCS=30kHz format 2, symbol index 6, 7 and 13 in the n:th slot and symbol index 13 in the n+1 slot (X=2, 3+1 TRS burst format).
	for SCS=30kHz format 1 and SCS=120 kHz, symbol index 3 and 12 in the n:th and symbol index 10 and 13 in the n+1 slot (X=2, 2+2 TRS burst format)
Observation 17	For SCS={120kHz, 240kHz} analog beamforming and beam sweeping is very likely to be used to transmit SSB
Observation 18	Increasing the TRS Bandwidth (B) beyond 50RB give no significant improvement in terms of link level throughput while it creates more interference and consumes more energy. The UE uplink transmission requirement (0.1ppm of the carrier frequency) can be reached without increasing the TRS Bandwidth (B) beyond 50RB.
Observation 19	Coarse time synchronization is maintained also for long DRX cycles and the frequency offset is maintained below 15% of the subcarrier spacing. Thus, coarse frequency synchronization can be performed based on the TRS. No coarse synchronization based on the SS-block is required.
Observation 20	For optimal UE energy efficiency one should either a) use TRS for both coarse synchronization for PDCCH monitoring and for fine synchronization for PDSCH reception during DRX on duration or b) align the TRS and the SS-block in time either by frequency multiplexing the TRS burst with the SS-block or by time multiplexing the TRS burst with the SS block within the same slot.
Observation 21	Since the periodic TRS is needed also for other purposes no additional overhead or interference is created if UE synchronization based on periodic TRS is used for PDCCH monitoring and PDSCH reception during DRX on duration. Further more, no additional standardization effort is required.
Observation 22	UE synchronization based on aperiodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration require DCI indication to allow scheduled UEs to rate match around the TRS.
Observation 23	UE synchronization based on aperiodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration create additional TRS overhead and interference. To limit the additional TRS overhead and interference to a reasonable level the BS should transmit the aperiodic TRS only when the UE is to be scheduled in the UEs upcoming DRX on duration. A measurement restriction would be needed to control the UE behaviour not to misuse aperiodic TRS measurements.
Observation 24	UE synchronization based on aperiodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration may give lower UE power consumption than periodic TRS based synchronization in cells with a large number of UEs in DRX. A quantitative evaluation is, however, hard to do lacking a RAN1 approved model for UE power consumption.

Based on the discussion in section 2 we propose the following:

Proposal 1	The smallest TRS burst periodicity in NR is 20ms.
Proposal 2	The TRS shall be configurable with a burst periodicity of 20 ms, 40 ms, and 80 ms.
Proposal 3	The TRS should have the same numerology as the active bandwidth part (BWP) in slots not configured for SS burst.
Proposal 4	Use inter-symbol distance between TRS symbols in a slot of 3, for example symbol index 5 and 8
Proposal 5	Symbol indices 5,8,13 in a slot can have TRS
Proposal 6	For the two slot TRS burst, two TRS configurations are supported: The OFDM symbols with index 5 and 8 in both slots and the OFDM symbols with index 5, 8 and 13 in the first slot and index 13 in the second slot.
Proposal 7	Configuration of the TRS burst to a single slot (X=1) is supported and TRS is mapped to OFDM symbol index 5.

Proposal 8	If SSB and TRS have the same SCS then it should be possible to configure FDM of TRS and SSB.
Proposal 9	Study how to enable efficient transmission of TRS using analog beamforming to beam sweep the SSB and the TRS using the same beam.
Proposal 10	Limit the TRS bandwidth to a maximum of 50RB.


Proposal 11	TRS bandwidth B are 24 RBs and 50RBs, and all other options are precluded.
Proposal 12	TRS sequence is resource specific
Proposal 13	Use the same formula for TRS sequence as for CSI-RS. FFS on whether same or different initialization value c_init is used.
Proposal 14	Support a UE specific RRC configuration of TRS measurement restriction. When enabled, the UE should only base the channel analysis on the most recent TRS burst occasion.
Proposal 15	Use the TRS for both coarse synchronization for PDCCH monitoring and for fine synchronization for PDSCH reception during DRX on duration.
Proposal 16	UE synchronization based on periodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration shall be supported.
Proposal 17	RAN1 to study further the benefits of UE synchronization based on aperiodic TRS for PDCCH monitoring and PDSCH reception during DRX on duration. The synchronization method should come with a measurement restriction allowing the BS to transmit the aperiodic TRS only when the UE is to be scheduled in it’s upcoming DRX on duration. The synchronization method should be considered as a configurable alternative to UE synchronization based on periodic TRS.
Proposal 18	If the UE has not been configured with a TRS, then UE synchronization for PDCCH monitoring and PDSCH reception during DRX on duration should be done based on DMRS. In this case the gNB is responsible to allocate suitable DMRS formats to allow synchronization.
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Appendix
Related to TRS periodicity

[bookmark: _Ref490255559]Table 4 Worst case throughput loss due to frequency drift with 15kHz SCS at 2 GHz
	Worst case throughput loss due to frequency drift with 15kHz SCS at 2 GHz

	
	TRS Burst Periodicity [ms]

	SNR [dB]
	5
	10
	20
	40
	80

	-7
	0.003%
	0.01%
	0.01%
	0.03%
	0.05%

	-4
	0.04%
	0.07%
	0.14%
	0.28%
	0.56%

	0
	0.02%
	0.04%
	0.09%
	0.18%
	0.35%

	5
	0.03%
	0.07%
	0.13%
	0.26%
	0.53%

	10
	0.09%
	0.18%
	0.36%
	0.72%
	1.45%

	15
	0.19%
	0.39%
	0.78%
	1.56%
	3.11%

	20
	0.30%
	0.60%
	1.20%
	2.40%
	4.79%

	25
	0.49%
	0.98%
	1.97%
	3.94%
	7.87%



[bookmark: _Ref490255560]Table 5 Worst case throughput loss due to frequency drift with 30kHz SCS at 2 GHz
	Worst case throughput loss due to frequency drift with 30kHz SCS at 2 GHz

	TRS Burst Periodicity [ms]

	SNR [dB]
	5
	10
	20
	40
	80

	-7
	0.002%
	0.003%
	0.01%
	0.01%
	0.03%

	-4
	0.02%
	0.04%
	0.07%
	0.14%
	0.28%

	0
	0.01%
	0.02%
	0.04%
	0.09%
	0.18%

	5
	0.02%
	0.03%
	0.07%
	0.13%
	0.26%

	10
	0.05%
	0.09%
	0.18%
	0.36%
	0.72%

	15
	0.10%
	0.19%
	0.39%
	0.78%
	1.56%

	20
	0.15%
	0.30%
	0.60%
	1.20%
	2.40%

	25
	0.25%
	0.49%
	0.98%
	1.97%
	3.94%



[bookmark: _Ref490255569]Table 6 Worst case throughput loss due to frequency drift with 15kHz SCS at 5 GHz
	Worst case throughput loss due to frequency drift with 15kHz SCS at 5 GHz

	
	TRS Burst Periodicity [ms]

	SNR [dB]
	5
	10
	20
	40
	80

	-7
	0.008%
	0.02%
	0.03%
	0.06%
	0.13%

	-4
	0.09%
	0.18%
	0.35%
	0.70%
	1.40%

	0
	0.05%
	0.11%
	0.22%
	0.44%
	0.88%

	5
	0.08%
	0.16%
	0.33%
	0.66%
	1.31%

	10
	0.23%
	0.45%
	0.91%
	1.81%
	3.62%

	15
	0.49%
	0.97%
	1.94%
	3.89%
	7.78%

	20
	0.75%
	1.50%
	2.99%
	5.99%
	11.98%

	25
	1.23%
	2.46%
	4.92%
	9.84%
	19.68%



[bookmark: _Ref490255575]Table 7 Worst case throughput loss due to frequency drift with 30kHz SCS at 5 GHz
	Worst case throughput loss due to frequency drift with 30kHz SCS at 5 GHz

	TRS Burst Periodicity [ms]

	SNR [dB]
	5
	10
	20
	40
	80

	-7
	0.004%
	0.008%
	0.02%
	0.03%
	0.06%

	-4
	0.04%
	0.09%
	0.18%
	0.35%
	0.70%

	0
	0.03%
	0.05%
	0.11%
	0.22%
	0.44%

	5
	0.04%
	0.08%
	0.16%
	0.33%
	0.66%

	10
	0.11%
	0.23%
	0.45%
	0.91%
	1.81%

	15
	0.24%
	0.49%
	0.97%
	1.94%
	3.89%

	20
	0.37%
	0.75%
	1.50%
	2.99%
	5.99%

	25
	0.62%
	1.23%
	2.46%
	4.92%
	9.84%
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[bookmark: _Ref490255429]Figure 13   Sensitivity of throughput to a frequency offset for DMRS in symbols with index 3 and 10.
[bookmark: _Ref490255473][bookmark: _Ref490255454]Table 8 Throughput loss due to a small frequency offset
	
Frequency offset
[% of SCS]
	SNR

	
	-12
	-11
	-9
	-7
	-4
	0
	5
	10
	15
	20
	25

	0.25%
	5%
	2%
	2%
	0.1%
	2%
	1%
	2%
	4%
	9%
	14%
	23%

	0.025%
	0.5%
	0.2%
	0.2%
	0.01%
	0.2%
	0.1%
	0.2%
	0.4%
	0.9%
	1.4%
	2.3%
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