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Introduction
In RAN1#88b, the following agreement was made:
· R1-1706598	Summary of Issues on fine time and frequency tracking of channel
· R1-1706800   
· 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



In this contribution, we discuss the following open issues for RS(s) for fine time and frequency (T/F-) tracking
1. Whether T and F tracking use independent RS(s) respectively, or same RS
2. The number of antenna ports for the RS(s)
3. Whether already existing RS(s) used for other purposes can be used also for T and/or F tracking
4. Whether the RS(s) are periodic or aperiodic
5. Whether RS bandwidth and/or periodicity is configurable
6. If it is configurable, the approach can be, e.g. by RRC, SIB, MIB.

[bookmark: _Ref178064866]Problem formulation
There are two main challenges with synchronization in NR. 
1. the PDSCH can be transmitted using UE user-specific beam forming while the SS block, providing initial synch, is broadcasted using a wide beam or beam sweeping using a narrow beam. Thus DMRS in PDSCH, nor PDCCH, can in general be considered co-located, nor quasi co-located (QCL), with the SS block reference signals. Thus, properties such as delay and delay spread and Doppler for PDSCH and PDCCH can’t in general be derived from SS block.

2. The quality of the frequency estimate from SS block is not good enough for calibrating the UE oscillator for transmission. So even if SS block and DMRS on PDSCH would have been co-located better means for frequency estimation is needed.
Time and frequency synch is typically obtained in multiple steps; (1) the first step is initial synchronization using the SS block, then (2) the second step is needed to tune the FFT window placement in time and frequency. Finally, (3) in the last step fine tuning is needed to optimize the filtering in the channel estimation. This last step also involves estimates of delay spread and Doppler spread.
Frequency and timing estimate from initial synchronization and the frame synchronization obtained from SS block is generally assumed to be very useful in establishing fine time and frequency synchronization for PDSCH and PDCCH. For this purpose, it is important to understand the performance of initial synchronization (using SS block) when considering fine time and frequency tracking. 
The resulting synchronization performance is to large extent determined by the format of the reference signals in SS block. Since the format of these signals not yet has been concluded we can rely on rough assessments to establish preliminary assumptions. In [2] evaluations of synchronization performance using PSS and SSS using 30 kHz sub-carrier spacing show that we can expect very good timing synchronization, well below sub micro second timing, but the frequency synchronization quite loose allowing for a residual frequency up to about 700 - 1000Hz.  
Frequency error must be further reduced after initial access to allow for the UE to transmit with a frequency error of less than 0.1 ppm [1]. A quite rough delay estimate is needed to adjust the timing of the receiver FFT window. Finally, optimization of filtering related to channel estimation requires much more accurate knowledge of residual delay and frequency errors, as well as channel coherence time and channel coherence in frequency, to provide efficient demodulation of data. Furthermore, CSI measurements procedures also requires some amount of frequency and time synchronization to provide accurate CSI measurements also when not accompanied with data transmission.
RS(s) for fine time and frequency (T/F-) tracking 
RS signals for time and frequency tracking must be robust against timing error and frequency errors. Thus residual frequency error and timing error after initial access should be taken into consideration when designing the corresponding RS patters. As an example, code division multiplexing (CDM) in frequency is not very well suited, as the orthogonality between different codes is degraded with large delay errors due to large phase between sub-carriers in case of large delays. Similarly, CDM in time in is not very well suited as the as the orthogonality between different codes suffers as the channel changes fast in the case of large frequency errors. Therefore, we propose using a comb structure in frequency for fine time tracking and repeating the very same signal in time for fine frequency tracking without orthogonalizing ports through some form of CDM.

Tracking RS signals for time and frequency tracking must be robust against both timing error and frequency errors

To enable robust time and frequency tracking the tracking RSs should not use CDM to separate ports. 

An RS comb structure in frequency is robust against large time errors and large frequency errors.

Assuming a comb structure, multiple ports can be supported by interleaving of two or more combs with different offsets over frequency. For the design of the time and frequency tracking signals a decision on the number of ports to be supported must be taken. There are at least one use cases that suggests that the time and frequency tracking RS should have more than one port, that is, MIMO transmission from multiple transmission points. This use case is also driving the number of ports to be used for the DL PTRS.

[bookmark: _GoBack]The RSs used for time and frequency tracking should support multi-point transmission. 


The number of ports for the RSs used for time and frequency tracking ports should be aligned with the number of ports for the DL PTRS

Fine time tracking RSs should have sufficient BW to provide fine time synchronization to position the FFT window in the receiver. It can also be used to fine tune the filtering in the channel estimator. We will show later in this paper that the latter can be done for many cases using the DMRS. We will also see that this performs very well for large allocations and for higher order modulation. For small allocations, low code-rate, and low order modulation (e.g QPSK) where typical operating points imply quite low SNR, it may be useful to have the additional RSs to improve the tracking performance.
Consider the RS pattern shown if Figure 1-3. In Figure 1 the RSs occupy one OFDM symbol per slot. The RSs are configured a comb in frequency with Repetition Factor RFP(freq) = 1, 2, and 3. This can easily be extended with RFP(freq) = 4, 6, 12, following the same pattern. In Figure 2, the same pattern is repeated in two OFDM symbols with repetition factor (RPF(time) = 7). Finally, in Figure 3, the same pattern is repeated in two adjacent OFDM symbols. In this case the RFP(time) =1 but the pattern only stretches for two symbols.  Note that we have not considered the placement of DMRS is this example. In a final concept the fine time and Frequency tracking RSs can’t overlap with other RSs. We deal with this problem later
A frequency tracking signal should allow for phase measurements on one or a set of sub-carriers at multiple time instances.  For this purpose, a comb with RPF(freq) can be repeated in multiple OFDM symbols in a slot. This can be viewed as a comb in time with specified RPF(time) within a certain time period.. This structure will be robust against large frequency errors as well as large time errors. This can be viewed as a unified framework for time and frequency tracking. The RS pattern that can be optimized for different accuracy requirements by setting the band width, the time duration, the RPF(freq) and the RPF(time). Also, the periodicity can be configured to improve tracking performance.

A number of properties are required for configuration of the tracking RS:

· To ensure that QCL properties between the tracking RS and PDSCH allow fine tracking of time, delay spread, frequency and Doppler spread it should be possible to make UE specific configurations of the tracking RS.

· To save overhead it should be possible to configure multiple UEs with the same tracking RS.

· In order to protect the tracking RS from interference from data transmissions it should be possible to configure UEs not to include resource elements used by a tracking RS configured for another UE as part of a received data RB but rather to rate match around these resource elements.

· In order to support non-active UEs, UEs in DRX[PE1], and to save overhead semi persistent configuration of a periodic tracking RS is needed.

Configuration needs for the Tracking RS is in many ways similar to the configuration needs of the CSI-RS i and it can be further discussed whether the tracking RS can be an instance of CSI-RS or a completely new signal is needed.
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Figure 1: Example RE-level frequency comb patterns for Tracking RS (A1) single symbol, RPF(freq) = 1 (A2) single symbol, RPF(freq) = 2 (A3) single symbol, RPF(freq) = 3. A non-zero offset value shifts the pattern down by O sub-carriers.

[image: ]
Figure 2: Example RE-level frequency comb patterns for Tracking RS (B1) a two symbol, RPF(freq) = 1 (B2) ) a two symbol, RPF(freq) = 2 (B3) ) a two symbol, RPF(freq) = 3. A non-zero offset value shifts the pattern down by O sub-carriers.
[image: ]
Figure 3: Example RE-level frequency comb patterns for Tracking RS (C1) two adjacent symbols, RPF = 1 (C2) two adjacent symbols, RPF = 2 (C3) two adjacent symbols, RPF = 3. A non-zero offset value shifts the pattern down by O sub-carriers
Performance Evaluations
Fine time tracking for aligning the FFT window
To evaluate fine time tracking after initial synchronization, RS patterns based on a one OFDM symbol comb structure in Figure 1 and Figure 2 with RPF(freq) = 1, 2, 3, 4, 6, 12, using one OFDM symbol (RPF(time)= 14) and two OFDM symbols (RPF(time)=7).
Fine time tracking performance was evaluated using one TX and two RX antennas for a subcarrier spacing of 15 kHz. The channel model used was TDL-A with delay spread of 300 ns and a vehicular speed of 3 km/h. Reference signals was inserted according the patterns indicated in Figure 1 with RPF(freq) equal to 1, 2, 3, 4, and 6.  The RS pattern in Figure 1 (RPF(time) = 14) and Figure 2 (RPF(time)= 7) are used for evaluating the time synchronization performance.  
The delay was estimated by doing FFT on the RSs and then measuring on the delay on the in the time domain. This type of algorithm is significantly simplified by having tracking RSs in a pattern with equal distance in frequency domain. Finally, delay estimates from multiple OFDM symbols in a slot are averaged to further improve the performance. When developing the algorithm, it was observed that the regular spacing of RSs over the frequency band significantly simplified the implementation and enabled the use of standard FFT implementations.

RSs for time tracking should be regularly spaced in the frequency to simplify the tracking algorithms 

An ideal delay was calculated using a reference point (in time) which dependent on the instant noise free channel response and is always contained within the support of the true channel response. This reference point is used as the true delay for the RMS calculations but also as the true delay in the reference genie evaluations of BLER and throughput
The time synchronization performance for 4, 20 and 110 PRB allocations can be found in Figure 2-4. From these Figures we can conclude that 
· synchronization performance is very good for high SNR but degrades quickly for when SNR decreases.
· Performance improves when the number of RSs used are increased. Thus performance increase when 
· RPF(freq) decrease,
· the BW of the allocation increase
· more OFDM symbols per slot are used for tracking RSs (decrease of RPF(time)) 
· The performance evens out for high SNR at a level that depends on the allocation size. This is due a complexity optimization in the algorithm that limits resolution at a level that does not impact modem performance.
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Figure 4: Performance of delay estimation for a 20 PRB allocation and the TDL-A 300 ns channel.  
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Figure 5: Performance of delay estimation for a 20 PRB allocation and the TDL-A 300 ns channel.   
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Figure 6: Performance of delay estimation for a 110 PRB allocation and the TDL-A 300 ns channel.   


Fine time tracking for optimizing filtering in the channel estimator
For the design of the fine time tracking RS it is important it must support estimating of delay and delay spread for optimizing channel estimation in the receiver. This is traditionally handled using the CRS in LTE and sometimes and the corresponding requirements on the delay estimation is not very clear.
The performance of the delay estimator impacts the performance of the link and can be measured in terms of BLER and throughput. In this section we investigate the BLER performance using an allocation of 4 PRBs.  A Turbo code, with code rate = 0.3, with QPSK, 16QAM, and 64QAM. No PDCCH and all resources, except those used for RSs, where used to transmit data. RS where allocated according to the RS structure in Figure 1, with RPF(freq) = 1, 2, 3, 4, and 6. Demodulation was done on the same RSs as used for fine time tracking. 
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Figure 7: BLER evaluations QPSK using 4 PRBs and the TDL-A 300 ns channel.   
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Figure 8: BLER evaluations 16QAM using 4 PRBs and the TDL-A 300 ns channel.   
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Figure 9: BLER evaluations 64QAM using 4 PRBs and the TDL-A 300 ns channel. 
To summarize; evaluations show that delay estimation can be performed on one symbol RS patterns with small allocations (4 PRBs) using 16QAM and 64 QAM. For QPSK the operating point for 1% BLER is located at an SNR point where delay estimation starts to suffer from the noise.  
Performance can be further improved by using RSs in more OFDM symbols, or increasing the size of the allocation in frequency (< 4PRBs).  
These evaluations indicate that DMRS should be possible to use for delay and delays spread estimation, at least for higher order modulation and/or larger allocations

Time tracking with sufficient performance for optimizing channel estimation can in many cases be done using a BW equal to the data allocation, even for small allocations.

Conclusions
In this contribution we made the following observations  
1. Tracking RS signals for time and frequency tracking must be robust against both timing       error and frequency errors
1. An RS comb structure in frequency is robust against large time errors and large frequency           errors.
1. Configuration needs for the Tracking RS is in many ways similar to the configuration needs of the CSI-RS i and it can be further discussed whether the tracking RS can be an instance of CSI-RS or a completely new signal is needed.
1. Time tracking with sufficient performance for optimizing channel estimation can in many cases be done using a BW equal to the data allocation, even for small allocations.

Based on the discussion in this contribution we propose the following 

1. To enable robust time and frequency tracking the tracking RSs should not use CDM to separate ports. 

The RSs used for time and frequency tracking should support multi-point transmission. 


The number of ports for the RSs used for time and frequency tracking ports should be aligned with the number of ports for the DL PTRS

 
RSs for time tracking should be regularly spaced in the frequency to simplify the tracking algorithms 
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