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Introduction
As in LTE, NR Time/frequency-synchronization is to be obtained in multiple steps, starting with rough time-synchronization during the initial access procedure using PSS/SSS. For NR, PBCH and TSS in the SS block can also be used to further improve synchronization in this first step. The Random Access Response (RAR) signal may also be used to further improve synchronization.
Time/frequency-synchronization is required for a number of tasks
· PDCCH demodulation using PDCCH DMRS
· Tuning of UE TX frequency
· UE measurements based on CSI-RS
· PDSCH demodulation using PDSCH DMRS
Here we study to what extent a PSS/SSS based Time/frequency-synchronization can be used for these task and where additional signals will be needed.
As background we note that following has been agreed for NR PSS/SSS in RAN1#88 [1]

Agreements:
· For initial cell selection for NR cell, UE assume the following default SS burst set periodicity
· For carrier frequency range category #A : TBD among 10, 20 ms
· E.g. range for #A (0 ~ 6 GHz)
· For carrier frequency range category #B : TBD among 10, 20 ms
· E.g. range for #B (6 GHz ~ 60 GHz )
· Down-selection will consider the SS block dimensions, initial access latency, power consumption, detection performance aspects into account. Other considerations are not precluded.
· Note that this does not preclude further sub-categorization of frequency ranges. And additional frequency sub-ranges defined shall support a single default SS burst set periodicity, value selected between 10, 20 ms
· Note that this does not preclude additional categorization of frequency ranges not covered by #A and #B. SS burst set periodicity for potential additional frequency ranges is FFS
· RAN4 will determine the exact values of frequency ranges
· The exact frequency ranges for category #A and #B is subject to further discussion in RAN1 and RAN1 will provide input to RAN4 to finalize the exact values. 
· Note that UE is not expected to detect cell that do not conform to the default SS burst set periodicity
· RAN1 will definitely down select the values from 10, 20 ms in the next meeting


Agreements:
· RAN1 considers following parameter sets with associated default subcarrier spacing and possible maximum transmission bandwidth for NR-SS design
· Parameter set #W associated with 15 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 5 MHz
·  Parameter set #X associated with 30 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 10 MHz
·  Parameter set #Y associated with 120 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 40 MHz
·  Parameter set #Z associated with 240 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 80 MHz
· Note that association between a frequency band and single set of default parameters (SCS, sequence length, NR-SS transmission bandwidth) will be defined in RAN4
· Note that each subcarrier spacing is associated with single sequence length and transmission bandwidth
· Note that additional  parameter set or further down selection of  parameter set is not precluded
· This agreement does not preclude any subcarrier spacing for data channel



Agreements:
· In both single beam and multi-beam scenario, time division multiplexing of PSS, SSS is supported


Different options for the procedure from rough time-synchronization during the initial access procedure using PSS/SSS all the way to fine tuning using DMRS is discussed in this contribution.
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As a basis for our investigation, evaluations results of the PSS/SSS synchronization are shown in Figure 1. The channel model is TDL-C model, with delay spread equal to 100 µs, no Doppler spread and an SNR of -6 dB. The carrier frequency is 4 GHz. PSS and SSS are time-multiplexed over four OFDM symbols with a sub-carrier spacing equal to 30kHz. The length of NR-PSS and NR-SSS is 126 (2x63) with the BW of 4.32MHz (with 18 subcarriers reserved on both sides). Detection is done using only one PSS/SSS instance, i.e. a single SS block. A 5 ppm random initial frequency error is assumed. The sample rate is derived from the FFT size of the 144 resource elements, i.e., 256, which means the 7.68MHz sample rate.  
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Figure 1 CDFs of time and frequency synchronization performance based on PSS and SSS only.
In these evaluations shown in Figure 1, the 95% residual frequency offset is 691 Hz when using PSS and SSS (with 5ppm random initial frequency error) and the 95% residual time offset is 0.13 µs (= 1 sample). 

PDCCH demodulation
The time-frequency synchronization prior to demodulation must be good enough to enable sufficiently good decoding performance. It is generally assumed that this can be achieved if the frequency error is small enough in relation to the sub-carrier spacing [3]. Furthermore, timing synchronization must also be accurate enough to make sure that the major part of the signal can be captured within the cyclic prefix.
We note that the frequency error is much smaller than 10% of the  30 kHz  sub-carrier spacing. With higher Doppler spread the residual frequency offset is expected to increase but this is not expected to change the conclusions below (at 4GHz 100km/h give a maximum Doppler shift of 370 Hz and 500 km/h give a maximum Doppler shift of 1.85 KHz).
For different numerologies the sub-carrier spacing will scale with N. On the other hand the PSS/SSS symbol lengths will scale as 1/N and thus the frequency error relative to the subcarrier spacing is expected to be roughly independent of the numerology. Doppler shifts and Doppler spread will on the other hand obviously increase at higher frequencies.
Observation 1: PSS/SSS time synchronization is sufficient for PDCCH demodulation using PDCCH DMRS as the residual error of the PSS/SSS based time synchronization is well within the cyclic prefix.
Observation 2: PSS/SSS (30 kHz sub-carrier spacing) frequency synchronization error is well below the 10% of the 15 kHz sub-carrier spacing.
Proposal 1: Study the frequency accuracy needed for the PDCCH decoding to reach expected performance in terms of data rates and coverage. 
Observation 3: The timing accuracy obtained from PSS/SSS is good enough for PDSCH demodulation but in some scenarios, e.g. when beamforming is used for PDSCH but not for PDCCH or PDSCH and PDCCH transmissions are no co-located it may be challenging to fulfil sufficiently tight QCL assumptions. Thus time synchronization for PDSCH must address the QCL aspects. 
Proposal 2: Study if timing based on the broadcasted SSS/PSS is sufficient for PDSCH decoding to reach expected performance in terms of data rates and coverage, when PDSCH is beam formed differently than PSS/SSS.
Tuning of UE TX frequency
For LTE it is stated in [2] that “The UE modulated carrier frequency shall be accurate to within ±0.1 PPM observed over a period of one-time slot (0.5 ms) compared to the carrier frequency received from the E-UTRA Node B” and similar requirements are expected in terms of accuracy for NR. Since 0.1 PPM of 4GHz is 400Hz it looks challenging to use only SSS/PSS for this purpose.
Observation 4: If it is decided that the reference signal for UE TX frequency error should be associated with PSS/SSS, then a broadcasted signal that can support significantly better frequency tracking than PSS/SSS is needed. The same signal can also be used for estimating the associated Doppler spread.
PDSCH demodulation
Basic parameters for PDSCH DMRS density in time and frequency has been agreed in 3GPP RAN1. These agreements are based on assumptions on that the frequency error is small enough and that the Doppler spread are within certain boundaries. Channel estimation performance is in many cases dependent on filtering for interpolation and extrapolation which requires good knowledge about the channel time and frequency coherence. Finally, usage with HOM such as 64 QAM and 256 QAM will be very limited if the frequency error is larger than a few percent of the sub- carrier spacing due to inter sub-carrier interference [3].
Observation 5: A frequency error of 10% of the sub-carrier spacing is too large to enable demodulation of PDSCH using the proposed DMRS time patterns. 
Observation 6: A frequency error of 10% of the sub-carrier spacing is too large to reach expected peak rates enabled by HOM in NR due to inter sub-carrier interference.
Observation 7: The PSS/SSS frequency synchronization is not sufficient for efficient demodulation of PDSCH.  
With beam forming the PDSCH may experience significantly different Doppler shift and Doppler spread. For this reason, it is reasonable to consider beam formed synchronization signals. 
With a synchronization signal that has some QCL with PDSCH DMRS it should be possible to estimate the actual frequency error and Doppler spread experienced by a UE when receiving the same PDSCH. Thus there is a need for a dedicated and scheduled synchronization signal optimized for estimating frequency error and Doppler spread.
Proposal 2: Study a scheduled synchronization signal that can be beam formed and is optimized for estimation of frequency error and Doppler spread for demodulating the PDSCH.

UE measurements based on CSI-RS
Performance of CRI-RS measurements are affected by frequency errors. There is a need to understand how much frequency error the CSI-RS measurements can sustain without degrading the link and system performance. The CSI-RS measurements may drive the requirement on the dedicated synchronization signal. 
Proposal 3: Study the frequency accuracy needed for accurate CSI-RS measurements 


Conclusions

In this contribution we made the following observations:

Observation 1: PSS/SSS time synchronization is sufficient for common PDCCH demodulation using PDCCH DMRS as the residual error of the PSS/SSS based time synchronization is well within the cyclic prefix.
Observation 2: PSS/SSS (30 kHz sub-carrier spacing) frequency synchronization error is well below the 10% of the 15 kHz sub-carrier spacing.
Observation 3: The timing accuracy obtained from PSS/SSS is good enough for PDSCH demodulation if we could ignore timing differences resulting from that PSS/SSS and PDSCH DMRS are not necessary QCL. Thus, any improvement of timing synchronization for PDSCH must address any QCL aspects. 
Observation 4: If it is decided that the reference signal for UE TX frequency error should be associated with PSS/SSS, then a broadcasted signal that can support significantly better frequency tracking than PSS/SSS is needed. The same signal can also be used for estimating the associated Doppler spread.
Observation 5: A frequency error of 10% of the sub-carrier spacing is too large to enable demodulation of PDSCH using the proposed DMRS time patterns. 
Observation 6: A frequency error of 10% of the sub-carrier spacing is too large to reach expected peak rates enabled by HOM in NR due to inter sub-carrier interference.
Observation 7: The PSS/SSS frequency synchronization is not sufficient for efficient demodulation of PDSCH.  

Based on the discussion in this contribution we propose the following:
Proposal 1: Study the frequency accuracy needed for the PDCCH decoding to reach expected performance in terms of data rates and coverage. 
Proposal 2: Study if timing based on the broadcasted SSS/PSS is sufficient for PDSCH decoding to reach expected performance in terms of data rates and coverage, when PDSCH is beam formed differently than PSS/SSS.
Proposal 3: Study a scheduled synchronization signal that can be beam formed and is optimized for estimation of frequency error and Doppler spread for demodulating the PDSCH.
Proposal 4: Study the frequency accuracy needed for accurate CSI-RS measurements. 
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