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Introduction
In RAN #75 meeting, the work item on new radio (NR) was approved with following objectives on physical layer aspects [1]:
-	Channel coding and modulation;
-	Physical layer channels for control and data based on associated waveform, numerologies and frame structure in line with the conclusions of the study item, including mini-slot design;
-	Synchronization and broadcast channels/signals related to initial access and mobility and channel/signals related to random access, including multi-beam support;
-	Downlink and uplink functionality related to multi-antenna transmission/reception enabling closed loop and open/semi-open loop transmissions, beam management, interference measurement, Type I codebook-based CSI acquisition and Type II CSI acquisition as well as CSI acquisition for reciprocity-based operation, the associated reference signal designs, and related quasi-colocation assumptions.
Since fine time/frequency tracking after course time/frequency tracking via synchronization signal(s) can affect the performances of downlink and uplink transmission/reception, how to guarantee time/frequency tracking performance in NR should be carefully investigated taking into account various aspects. Consequently, the following agreements on fine time/frequency tracking were made in RAN1 #88bis meeting [2]:
	Agreements:
· Support a RS with X MHz bandwidth for time tracking, where X can be
· Alt 1: system bandwidth
· Alt 2: bandwidth part
· FFS configured or fixed 
· Alt 3: maximum UE bandwidth reported by UE capability
· Alt 4: PBCH bandwidth
· Other alternatives are not precluded
· FFS the number of values of X (e.g., whether or not as a function of frequency range)
· For time and frequency domain RE spacing of tracking RS, at least the following aspects are TBD in RAN1#89
· Subcarrier spacing according to frequency range
· Periodicities
· Frequency densities
· Timing of fine time/frequency tracking
· E.g. before SIB decoding, before PDCCH decoding, before PDSCH decoding, etc.
· The structure of the RS
· E.g. time density/burst
Agreements:
· The WF in R1-1706800 is agreed with the following updates:
· Slide 2 is updated to:
· The RS(s) for fine time and frequency (T/F-) tracking should consider
· Whether T and F tracking use independent RS(s) respectively, or same RS
· The number of antenna ports for the RS(s)
· Whether already existing RS(s) used for other purposes can be used also for T and/or F tracking
· Whether the RS(s) are periodic or aperiodic
· Whether RS bandwidth and/or periodicity is configurable
· If it is configurable, the approach can be, e.g. by RRC, SIB , MIB,…
· Study the need of additionally scheduled to help UE from long CDRX wakeup
· Multi-beam operation
· The RS(s) can be used for delay spread estimation and Doppler spread estimation
· frequency offset= [0.1]ppm



This contribution provides Samsung’s views on fine time/frequency tracking for NR.
Time/frequency tracking
1 
2 
Tracking in LTE and NR
In LTE, after establishing frequency synchronization and subframe and OFDM symbol timing during the initial cell search, the UE should keep tracking the time/frequency offset in order to maintain synchronization to the cell and avoid reductions in the reception SNR of DL physical signals and channels. The time/frequency tracking process consists of estimating the time/frequency offsets of the received DL signals and adjusting the local time/frequency of the UE receiver in accordance to the estimated time/frequency offsets. In LTE, a dedicated tracking RS is not supported, i.e. which physical signals or channels are used for the estimation of the time/frequency offsets at the UE receiver is an implementation aspect. Since predefined pattern signals in LTE such as the PSS/SSS and the CRS can well suit the purpose, time/frequency tracking implementations based on either or both of the PSS/SSS and the CRS have likely been adopted in many legacy LTE UEs.
However, a UE might be hard to expect such periodic sequences with high time/frequency densities, periodicities, and transmission bandwidths. It implies that time/frequency tracking in NR might not be an implementation issue like LTE. Furthermore, regardless of standalone/non-standalone operation scenarios of NR, an assumption on separate RF chains for NR and LTE seems hard to be precluded since some scenarios where NR is deployed on a different band from LTE should be considered as well. Thus, the time/frequency offsets incurred on the RF chains for the respective bands are likely to be different and the multipath delay profile in the respective bands, which affects the time synchronization, would be different especially in deployments with band specific RRHs. Due to these reasons, fine time/frequency tracking issues should be carefully studied in NR under relevant operation scenarios.
Time tracking
Through time tracking operations, the UE aligns its receiver’s local timing to that of the DL signals received from the serving cell. An important metric in time tracking is time resolution which is defined as the minimum time granularity the UE can estimate and adjust between the received DL signal and its local timing. The achievable time resolution depends on the implemented algorithm for time tracking and more importantly on the structure of the timing measurement signal.
In particular, the bandwidth of the timing measurement signal is critical to the achievable time resolution because the time resolution is inversely proportional to the signal bandwidth. The larger the bandwidth of the timing measurement signal is, the higher the time resolution is. In case of LTE, for example, comparing the PSS/SSS sent on the center 1.08 MHz bandwidth and the CRS sent over the whole DL transmission bandwidth, the achievable time resolution by CRS is roughly 18 times higher than that by PSS/SSS in case of 20 MHz DL transmission bandwidth, unless a sophisticated time tracking algorithm is implemented in the UE receiver. Early-late type correlators employed in CDMA modems can be an example algorithm to improve the achievable time resolution, but increase the complexity of OFDM receivers exploiting FFT based design and operations in general. Also if we consider the SS block design with smaller CP length and symbol length for the sake of low latency, the time tracking becomes more important for both sub6GHz and over6GHz in NR to keep the time synchronization error within the range of CP length. Given that the maximum DL transmission bandwidth and the maximum modulation order in NR would increase much higher than those for LTE, a wideband tracking RS whose transmission bandwidth is larger than that of SS block should be supported in NR. For instance, since the maximum bandwidth of NR-PDSCH (400MHz) can be about hundred times larger than that for NR SS block (4.32MHz), time tracking based on SS block only might be too rough for PDSCH decoding.
Proposal 1: Consider following options for transmission bandwidth of tracking RS:
· Option 1: System bandwidth
· Option 2: Bandwidth part
· Option 3: Maximum UE bandwidth reported by UE capability

Since the required frequency domain RE density is determined by frequency selectivity of the channel, the minimum RS RE spacing in the frequency domain, , can be given by
,
where  is the maximum excess delay of channel and  is the subcarrier spacing (SCS). Following the worst cases of the scaling factor  (for UMa) per carrier frequencies and the normalized delay  [3], the maximum excess delay of channel can be calculated as Table 1.
[bookmark: _Ref477808074]Table 1. Example of the maximum excess delay of channel in NR
	 (UMi)
 

	CF=2GHz
	CF=6GHz
	CF=28GHz
	CF=60GHz

	
	634[ns]
	346[ns]
	301[ns]
	293[ns]

	Channel model
	TDL-A
	9.6586[ns]
	6.124[us]
	3.342[us]
	2.907[us]
	2.830[us]

	
	TDL-B
	4.7834[ns]
	3.033[us]
	1.655[us]
	1.440[us]
	1.402[us]

	
	TDL-C
	8.6523[ns]
	5.486[us]
	2.994[us]
	2.604[us]
	2.535[us]

	
	TDL-D
	12.525[ns]
	7.941[us]
	4.334[us]
	3.770[us]
	3.670[us]

	
	TDL-E
	20.652[ns]
	12.372[us]
	6.752[us]
	5.874[us]
	5.718[us]



Table 2 shows the minimum RS RE spacing in the frequency domain according to various SCS and CF values. In Table 2, TDL-A and  for UMi with long-delay profile were assumed [3]. Although the values given by Table 2 are quite low (e.g. less than 3 REs), it is noted that the exact values for the minimum RS RE spacing in the frequency domain can be adjusted according to various aspects including possible reduction in delay spread due to beamforming, the tradeoff between the potential performance degradation and the RS RE overhead, etc. For instance, 50% coherent BW () or 90% coherent BW () as well as the maximum excess delay also can be considered for the design of minimum RS RE spacing.
Observation: RE density in the frequency domain should be studied taking into account the following aspects:
· Possible reduction in delay spread due to beamforming, i.e. assumptions on the worst cases of antenna configuration and the corresponding beamforming per carrier frequency
· Trade-off between time tracking performance and frequency domain RS RE overhead

[bookmark: _Ref477808691]Table 2. The minimum RS RE spacing in the frequency domain according to various SCS and CF values
based on TDL-A,  for UMi with long-delay profile, maximum excess delay
	
	15 kHz
	30 kHz
	60 kHz
	120 kHz
	240 kHz

	CF 2GHz
	10.9[REs]
	5.4[REs]
	2.7[REs]
	1.4[REs]
	0.7[REs]

	CF 6GHz
	19.9[REs]
	10.0[REs]
	5.0[REs]
	2.5[REs]
	1.2[REs]

	CF 28GHz
	22.9[REs]
	11.5[REs]
	5.7[REs]
	2.9[REs]
	1.4[REs]

	CF 60GHz
	23.6[REs]
	11.8[REs]
	5.9[REs]
	2.9[REs]
	1.5[REs]



Frequency tracking
Compared to the case of time tracking, the bandwidth of the measurement signal for frequency tracking is less important and thus a narrow band signal like the PSS/SSS can be used for estimating and aligning the oscillator frequency between the UE’s receiver and the received DL signal. However, due to the accumulation of residual CFO and Doppler spread in case of mobility, the time density of the synchronization measurement signal impacts frequency tracking performance. 
In LTE, according to the UE performance/RF specification TS 36.101 [5], 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 eNB. For example, in case of 4 GHz carrier frequency, the frequency offset between the UE’s receiver and the received DL signal can be in the ±400 Hz range. The UE receiver has to perform frequency tracking continuously so that the residual frequency offset observed in each slot does not exceed ±400 Hz range and thus the SNR of received DL signal is not significantly degraded. For high speed UEs, the additional frequency offset due to the Doppler shift can exacerbate the SNR degradation. For example, for a UE speed of 100km/h and carrier frequency of 4GHz, the resulting Doppler frequency offset is in the range of ±741Hz. If the UE does not continuously keep tracking of the frequency offset and accordingly correct the frequency error, the frequency tracking will go beyond the convergence range. Although rigorous evaluation may be necessary, estimating and correcting the frequency offset based on PSS/SSS only (with periodicity, e.g., 10ms or 20ms for NR) does not seem sufficient enough considering RAN4 requirement and the Doppler effect. Therefore, the RS to achieve reliable tracking is necessary especially when we try to achieve lower latency of DL signal detection and reduce the power consumption for synchronization at the user terminals.
Figure 1 depicts performances of timing and frequency offset estimation based on PSS and SSS. Figure 1 shows that timing offset error would be occurred with the probability less than 5%. (It is noted that the sampling timing, i.e. the resolution of timing offset estimation, is quiet low, about 260ns, based on the PSS/SSS bandwidth.) In case of frequency offset estimation, the 90% offset error could be {1.15, 0.77, 0.42} ppm for {-6, -3, 0} dB SNR, respectively. Given that the remaining errors are larger than the requirement of ±0.1 ppm, it is expected that the PDSCH decoding performance can be degraded if only PSS/SSS are used for time/frequency tracking.

[image: ]
[bookmark: _Ref481611495]Figure 1. Timing and frequency offset estimation performances based on PSS and SSS

In Figure 2, NR-PDSCH BLER performances according to various time/frequency offset conditions are compared. Figure 2 implies that up to 5dB PDSCH decoding performance loss compared with fixed 0.1 ppm CFO can be observed, if the UE rely on the time/frequency tracking based on PSS/SSS only as predicted above. Since the performance degradation can be occurred in the low MCS as well, it is preferred to support time/frequency tracking RS before PDCCH or SIB reception at UE side.
Detailed evaluation assumptions are provided by Appendix.
[image: ]
[bookmark: _Ref481612517]Figure 2. NR-PDSCH BLER performance comparison according to various time/frequency offset conditions

Possible candidates for RE patterns/signalling & configuration
3 
The TRS configuration may include e.g., the number of antenna ports, periodicity, timing offset, RS pattern, etc. In some special cases, the TRS can be switched off to save the network power consumption. For example, the TRS may not be necessary in case of the smaller system bandwidth of the PDSCH to transmit DL SIBs. If the PDCCH and/or the SIBs signals are sent over large system bandwidth, the SINR requirement as low as -6dB for sub6GHz or -18dB for over6GHz is still challenging to achieve fine time/frequency synchronization with short latency and detect the DL signals with low MCS considering the worst case of the cell-edge users.
Table 3 and Table 4 represent Samsung’s views on tracking RS RE pattern candidates and signalling & configuration candidates, respectively.
[bookmark: _Ref473750265]Table 3. Tracking RS RE pattern examples
	Candidates
	Comments

	PSS/SSS
	· Time tracking performance can be degraded when the system bandwidth is large.
· Possibly provides fine frequency tracking at least for low mobility UEs.

	CSI-RS
	· Possibly provides fine time tracking performances for various operation scenarios via wideband RS transmission, configurable time/frequency density, etc.
· Possibly provides rate matching and interference management functionalities for tracking RS via ZP CSI-RS.
· Can also be used for cell-wide beam management for multi-beam case

	DM-RS for broadcast/unicast/control
	· May not be suitable for time tracking (hard to secure wideband transmission).
· Possibly robust to UE mobility (relatively high RE density than other RSs).

	PT-RS
	· May not be suitable for time tracking (hard to secure wideband transmission).
· May not be suitable for below 6 GHz carrier frequency.

	Dedicated RS
	· Can be optimized for time/frequency tracking.
· May not be suitable for RS RE reuse.



[bookmark: _Ref473750272]Table 4. Tracking RS signalling & configuration examples
	Candidates
	Comments

	MIB (in PBCH) or remaining minimum system information (in PDSCH)
	· Decoding performance of PDCCH and SIB(s) is guaranteed.
· Shortest latency to achieve the fine time/freq. synchronization after MIB detection.
· Semi-static configuration to switch on/off TRS or change the configuration parameters if the MIB is periodically transmitted/updated.
· Tight overhead control by limiting the number of configuration parameters or parameter combination patterns in MIB.

	Control resource set (if defined and its configuration indicated by MIB)
	· Decoding performance of PDCCH in very low SNR range may not guaranteed.
· Decoding performance of SIB(s) is guaranteed.
· Medium latency to achieve the fine time/freq. synchronization after the control resource set detection
· Semi-static configuration to switch on/off TRS or change the configuration parameters if the control resource set is periodically transmitted/updated
· Overhead control by limiting the flexibility for configuration parameters

	SIB (in PDSCH)
	· Decoding performance of PDCCH and SIBs in very low SNR range may not guaranteed
· Higher latency to achieve the fine time/freq. synchronization after the SIBs detection
· Semi-static configuration to switch on/off TRS or change the configuration parameters if the SIB is transmitted/updated
· Less overhead control on the flexible configurations 

	RRC
	· Decoding performance of SIB(s) and PDCCH in low SNR range may not be guaranteed.
· Higher latency to achieve the fine time/freq. synchronization after the RRC detection
· Semi-static configuration to switch on/off TRS or change the configuration parameters if the RRC is periodically transmitted/updated.
· Possibly provide high flexibility for configuration parameters



Based on the observations above, following proposals can be drawn:
Proposal 3: NR supports wideband cell-specific TRS configured via PBCH (or RMSI in PDSCH)
Proposal 4: CSI-RS shall be designed so that it can be used as tracking RS

An example of 1-port CSI-RS resources for 8 RE/RB/port CSI-RS RE density is given by Figure 3. In Figure 3, 2 PDCCH OFDM symbols and 2 front-loaded DMRS OFDM symbols are assumed. As described in our companion contribution [6], the 1-port CSI-RS resources for time/frequency tracking can share the CSI-RS resources for CSI acquisition. Further evaluations are required for detailed RE mapping designs of time/frequency tracking RSs.
[image: ]
[bookmark: _Ref481658349]Figure 3. An example of 1-port CSI-RS resources for 8 RE/RB/port CSI-RS RE density; 
2 PDCCH OFDM symbols and 2 front-loaded DMRS OFDM symbols are assumed

Conclusions
4 
In this contribution, Samsung’s views on fine time/frequency tracking for NR is presented. Based on above discussions, the following observation and proposals are made:
Observation: RE density in the frequency domain should be studied taking into account the following aspects:
· Reduced delay spread via beamforming, i.e. assumptions on the worst cases of antenna configuration and the corresponding beamforming per carrier frequency
· Trade-off between time tracking performance and frequency domain RS RE overhead
Proposal 1: Consider following options for transmission bandwidth of tracking RS:
· Option 1: System bandwidth
· Option 2: Bandwidth part
· Option 3: Maximum UE bandwidth reported by UE capability
Proposal 2: It is recommended that RAN1 takes into account the following RAN4 agreements in TR 38.803 and the future RAN4 decision on the FFS point.
· For Range 1
· Since it was identified that the same requirement as LTE (i.e. 0.1 ppm) can be reused, there is no open issue for the WI phase.
· For Range 2
· Since this spec verifies own signal quality, beam peak is used as a metric. It is FFS whether the same frequency error (0.1 ppm) can be reused in this range considering settling time, etc.
Proposal 3: NR supports wideband cell-specific TRS configured via PBCH (or RMSI in PDSCH)
Proposal 4: CSI-RS shall be designed so that it can be used as tracking RS
References
[1] [bookmark: _Ref458523997]3GPP, RAN #75, Chairman’s Notes
[2] [bookmark: _Ref477803365]3GPP, RAN1 #88bis, Chairman’s Notes
[3] [bookmark: _Ref477807540]3GPP, TR 38.900, “Study on channel model for frequency spectrum above 6 GHz”
[4] [bookmark: _Ref477809934]3GPP, TR 38.803, “Study on New Radio Access Technology; RF and co-existence aspects”
[5] [bookmark: _Ref473745798]3GPP, TS 36.101, “E-UTRA; User Equipment (UE) radio transmission and reception”
[6] [bookmark: _Ref481658547]R1-1707970,	Discussions on CSI-RS design for NR MIMO,	Samsung
[bookmark: _GoBack]
[bookmark: _Ref481612068]Appendix
Table 5. LLS evaluation assumptions
	Parameters
	Assumptions

	PDSCH Bandwidth
	10MHz

	Subcarrier spacing
	15kHz

	Carrier frequency
	2.5GHz

	FFT size
	1024 for PDSCH, 256 for PSS/SSS

	Number of Tx RBs
	6 RBs

	Channel coding
	1/3 Turbo code

	MCS
	QPSK, coding rate=1/2

	Antenna config.
	2x2

	SS block periodicity
	20 ms

	PSS/SSS sequence
	Length 127 M-sequence

	PSS/SSS interference
	Ideal

	Tx scheme
	2-port precoder cycling

	Channel model
	TDL-C

	Channel estimation
	2D MMSE

	Delay spread
	300ns

	Velocity
	3km/h

	Initial CFO
	0.1 ppm
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