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Introduction
At the last RAN1#89 meeting [1], the following was decided:
Agreements:
· Confirm the following working assumption.
· Uplink PTRS for DFT-s-OFDM waveform is supported.
· Presence of PTRS for DFT-s-OFDM is UE-specifically configurable
· Multiple pattern/density of PTRS for DFT-s-OFDM is supported
· FFS: implicit or explicit signaling
· Working assumption: Support Pre-DFT PT-RS insertion for UL DFT-S-OFDM.

Moreover, at the RAN1#88 meeting [2], it was agreed that usage of PTRS for e.g. CFO/Doppler correction is not precluded.
In this contribution, we give our view on PTRS-based phase and frequency tracking for DFTsOFDM.

Discussion
Phase variations in the time domain can be caused by different phenomena: the presence of phase noise, frequency drifts due to Doppler shift or to insufficient frequency synchronization, etc. The phase variations translating all these effects need compensation. 
When mild, these effects can be absorbed by the DM-RS in the channel estimation process. But when strong phase variations are present, more frequent support than the one provided by DM-RS is necessary in order to track the remaining variations at OFDM symbol level. This issue is particularly important for DFTsOFDM, where DM-RS insertion is particularly costly in terms of overhead, since full symbols are reserved for DM-RS insertion. PTRS in DFTsOFDM is extremely helpful for offering phase tracking support to compensate phase noise, CFO and Doppler effects with low, controlled overhead.
Observation 1: For DFTsOFDM, extra DM-RS insertion is particularly costly in terms of overhead.
Observation 2: PTRS in DFTsOFDM is extremely helpful for offering phase tracking support to compensate phase noise, CFO and Doppler effects with low, controlled overhead.
It is known for a long time in the literature that OFDM systems are more sensitive to phase noise than single-carrier systems [4], and it is partly for this reason that systems subject to particularly challenging phase noise environments (like for example satellite systems) avoided using OFDM waveforms. Time domain effects are easier to monitor and compensate in the time domain. Time domain training sequences are known to be effective for phase noise and carrier offset compensation [5].
For DFTsOFDM, the insertion of time-domain training sequences can easily be supported by pre-DFT training sequence insertion, for example PTRS insertion together with data at the DFT input. This gives a better time domain resolution and means of tracking time domain phenomena than in the case of OFDM. Indeed, in OFDM, PTRS inserted in the frequency domain are spread by the IDFT in the time domain, and only an observation with a minimum resolution of one OFDM symbol is possible.
With DFTsOFDM, specific precautions need to be taken in order not to break the PAPR property. Several means of achieving CFO and PN compensation were discussed at the last meeting:
· Pre-DFT PTRS insertion
· Post-DFT PTRS insertion
· Blind detection
For simplicity we refer to this RS as PTRS, but it can serve as support for CFO/Doppler compensation also, as explained here-above.

Pre-DFT PTRS insertion
Pre-DFT PTRS insertion can be easily achieved based on a scheme as depicted in Figure 1.
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[bookmark: _Ref473910982]Figure 1 Pre-DFT PTRS insertion for DFTsOFDM
The advantage of pre-DFT PTRS insertion is two-fold: the PAPR is not modified, and time-domain insertion allows finer granularity tracking of the phase error.
The PTRS sequence is a known sequence whose overhead can be controlled per user by the amount of symbols K in the known sequence. As long as the symbols of the PTRS sequence do not have higher modulus than the data constellation symbols, the PAPR of the resulting signal is strictly the same between DFTsOFDM symbols carrying PTRS and DFTsOFDM symbols carrying data only. Post-DFT PTRS insertion necessarily engenders PAPR loss. This is confirmed in Figure 2.
Observation 3: Pre-DFT PTRS insertion allows conserving the low PAPR of DFTsOFDM.
Pre-DFT PTRS insertion gives good performance results without imposing any high complexity processing, as already shown in [6], [7] and confirmed in Figure 4 and Figure 3.
In Figure 3, the performance of phase noise and CFO compensation is shown with 16QAM at different coding rates. Results were obtained on a CDL-A 300ns channel. Realistic channel estimation based on a full front-loaded DM-RS was performed before phase noise compensation. Phase tracking is performed at symbol level, assumed phase noise being the pole-zero model in [8] at Fc=30GHz. A residual carrier frequency offset (CFO) uniformly distributed in the interval [-0.1 0.1]ppm is considered in Figure 3. We considered the following numerology: BW=80MHz, Fs=122.88MHz, SCS = 120kHz, N_FFT=1024. Here, we used a Zadoff-Chu sequence as PTRS, and 50RB (full) allocation was assumed. One “chunk” of PT-RS containing Ki=12 pre-DFT PTRS symbols was inserted in each of the Ndata=13 data symbols in the slot, (14 symbols per slot, including the DM-RS and containing overall Nk=13 PTRS chunks). The pattern is similar to the one in Figure 6a. A gain of 0.9dB is brought by PTRS insertion for 16QAM ½ with a PTRS overhead of 2% in the simulated case.
Observation 4: Pre-DFT PTRS insertion yields good phase noise compensation performance results with low complexity processing while conserving the PAPR.
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[bookmark: _Ref477882968]Figure 2 PAPR evaluation of pre and post-DFT PTRS insertion for DFTsOFDM 
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[bookmark: _Ref477882971]Figure 3 Phase noise and CFO compensation performance with 16QAM at different coding rates, DFTsOFDM, CDL-A 300ns  
In Figure 4, the performance of PTRS-based Doppler compensation is shown with QPSK and 16QAM at different coding rates. Results were obtained on a CDL-A 50ns channel at 30kmph, with the same numerology as the one assumed in Figure 3 and both 4RB and full band allocation. Realistic channel estimation based on 2 LTE-like DM-RS positions was performed before Doppler compensation. Phase tracking is performed at symbol level, based on the insertion (into each of the Ndata=12 data symbols in the slot) of 2 PTRS chunks containing Ki=2, respectively 4 or 10 pre-DFT PTRS symbols for allocations of 4RB and respectively 50RB. Nk=24 chunks were inserted per slot (2 chunks per DFTsOFDM symbol). The pattern is similar to the one in Figure 6b. Important gain is obtained for both wideband and narrowband spectral allocations. PTRS overhead is 8.3% for 4RB with two chunks Ki=2 per OFDM data symbol. PTRS overhead is 1.33% / 3.33% for 50RB with two chunks Ki=4 / 10 per OFDM data symbol.
Observation 5: Pre-DFT PTRS-based Doppler compensation yields good performance for DFTsOFDM regardless of the modcod. PTRS for DFTsOFDM should be configurable for all MCS to support the Doppler compensation use case.
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[bookmark: _Ref479954654]Figure 4 Doppler compensation performance with pre-DFT PTRS insertion: 30kmph @30GHz, 4RB (upper part) and 50RB (lower part), CDL-A 50ns


Post-DFT PTRS insertion
Post-DFT PTRS insertion can be achieved based on schemes as depicted in Figure 5. PTRS can be inserted onto carriers non-occupied by data, or can puncture occupied subcarriers. From a complexity point of view, in the first case, DFTs of different sizes need to be implemented. In the second case, data puncturing leads to demodulation performance degradation.
Both insertion solutions lead to degraded PAPR, as shown in Figure 2. Nevertheless, puncturing in Figure 5b is less PAPR destructive than (M-K)-point DFT in Figure 5a. Moreover, (M-K)-point DFT has some increased complexity (extra DFT sizes, TBS variations). Puncturing is preferred over (M-K)-point DFT post-DFT insertion.
At the receiver side, CFO/PN compensation is conducted in the frequency domain, as in OFDM. Only an average observation is thus available for the DFTsOFDM symbols carrying PTRS, less precise than in the case of pre-DFT PTRS insertion. Given the PAPR penalty, the interest of post-DFT PTRS insertion is unclear.
Observation 6: In the case of post-DFT PTRS insertion, (M-K)-point DFT has higher PAPR penalty than puncturing.
Observation 7: Given the PAPR penalty, the interest of post-DFT PTRS insertion is unclear.
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a) Post-DFT PTRS insertion with (M-K)-point DFT
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b) Post-DFT PTRS puncturing


[bookmark: _Ref473913620]Figure 5 Post-DFT PTRS insertion
Therefore, we propose to confirm the working assumption
Proposal 1: Support Pre-DFT PT-RS insertion for UL DFT-S-OFDM.




UE-specific sequence design principles
When a PTRS sequence is necessary and present, PTRS-based phase error compensation can have different performance depending on a number of factors, among which: carrier frequency, Doppler shift, MCS, allocated band, DM-RS density, etc... 
It should be possible to disable PTRS insertion whenever they are not needed (e.g. low carrier frequencies) in order to save overhead. PTRS for DFTsOFDM should be configurable for all MCS to support the Doppler compensation use case.
Proposal 2: Support UE-configurable pattern/density of PTRS for DFT-s-OFDM.
For example, let us define a pattern with respect to the M*Ndata resource elements contained in a scheduling unit in symbols of Ndata DFTsOFDM symbols not carrying any DM-RS and having M active carriers each. An example is presented in Figure 6. The pattern is composed of Nk groups of Ki symbols separated by Di symbols, such as:

	
Where all Di are non-null positive integers except for D0 and DNk that can take null values. 


The number of PTRS symbols is  for a total PTRS overhead of .
Chunk size
The optimum chunk size Ki depends on several parameters. The operating SNR and, to some extent, the channel delay spread limit the minimum chunk size needed to ensure adequate estimation precision. On the other hand, given the time-domain nature of pre-DFT PTRS insertion, the optimum chunk size is less sensitive to resource allocation size than in ODFM. A reduced chunk size can be useful to limit PTRS overhead for narrowband allocations. At least a normal and a reduced chunk size should be supported, where the set of corresponding values can be configured through RRC to adapt to, e.g., channel type, and the choice between the normal and the reduced size can implicitly depend on the allocation size and/or MCS.
Proposal 3: Support configurable chunk size
Number of chunks per DFTsOFDM symbol
The optimum number of chunks in a DFTsOFDM symbol should also be variable. One-chunk patterns (e.g. Figure 6a) are useful in noise-limited cases such as low SNR scenarios, at moderate carrier frequencies and/or low CFO. On the other hand, for compensating highly linear phase effects such as residual CFO, or Doppler effects at high carrier frequencies, there is an interpolation gain when having a few chunks per DFTsOFDM symbol (e.g. 2-3 chunks), but the gain is not increased when increasing the number of chunks, regardless of the allocation size, due to a rather linear phase behavior within a DFTsOFDM symbol. At very high carrier frequencies, where phase noise variations can be important within a DFTsOFDM symbol, a higher number of chunks (e.g. 4) may bring further interpolation gain.
Specific patterns conveniently inserted in the time domain can be used as support for other purposes. 
For example, placing PTRS chunks at the beginning and in the middle of a DFTsOFDM symbol (e.g. Figure 6b) allows interpolating between DFTsOFDM symbols in the scenarios where interpolation gain is important. On the other hand, placing PTRS chunks at the beginning and at the end of a DFTsOFDM symbol enables both common phase estimation and/or interpolation within one DFTsOFDM symbol. Such configuration may be useful for a self-contained subframe where number of DFTsOFDM can be limited and inter-symbol interpolation cannot be performed. Placing a chunk at the end of the DFTsOFDM symbol allows it to be repeated with the CP insertion, which may serve as support in the synchronization process. If a third chunk is to be inserted, a Ncp*M/N samples away from the end of the symbol also allows this chunk to be repeated at the beginning of each DFTsOFDM symbol with the CP insertion, and thus serve as further support in the synchronization process.
Proposal 4: Support configurable number of chunks per DFTsOFDM symbol. The number is chosen from a set of at least 1, 2, 3 chunks per DFTsOFDM symbol
Time-domain density
In scenarios where compensating the common phase error is the main concern (e.g. low SNR) and at low speed, time-domain PTRS density reduction (e.g. inserting PTRS every other symbol) is useful for PTRS overhead reduction. Nevertheless, even at low SNR, at high speed such reduction is penalizing for the performance. Since common phase errors can be absorbed by the DM-RS in the channel estimation process and phase drifts are more important away from the DM-RS position, one way of reducing the overhead of the PTRS sequence is, for example, to take into account the DM-RS positions and not insert PTRS in symbols adjacent to DMRS positions. This strategy is also possible in scenarios where some interpolation gain can be obtained. For example, full or reduced density can be signalled via RRC, and the exact reduction pattern can implicitly depend on DMRS number/position. For example when PTRS time domain density reduction is on, if more than 1 DMRS position is configured then the time-domain pattern is reduced around the DMRS positions, and if only one DMRS position is configured then the PTRS is inserted every other symbol, by avoiding the symbol near DMRS. An example is depicted in Figure 7.
Proposal 5: Support configurable time-domain PTRS density reduction, where the exact density implicitly depends at least on DMRS number/positions.
In all proposed scenarios, explicit signaling via DCI can be avoided. Explicit signaling via RRC should be minimized and implicit signaling should be preferred whenever possible.
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a) Nk/Ndata=1, Ki=4
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b) Nk/Ndata=2, Ki=2, front/middle insertion
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c) Nk/Ndata=2, Ki=2, front/end insertion
[bookmark: _Ref480294529]Figure 6: Different PTRS patterns with the same overhead
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[bookmark: _Ref485334009]Figure 7: Full and reduced time density examples for an UL only 14 symbol slot: every other symbol (a) and DMRS position-based (b)













Conclusion 
The conclusions of the above analysis is summarized in the following table
	
	PAPR preserving
	Low complexity

	Pre-DFT insertion
	Yes
	Yes

	Post-DFT insertion
	No
	Yes

	Blind detection
	Yes
	No



Observation 1: For DFTsOFDM, extra DM-RS insertion is particularly costly in terms of overhead.
Observation 2: PTRS in DFTsOFDM is extremely helpful for offering phase tracking support to compensate phase noise, CFO and Doppler effects with low, controlled overhead.
Observation 3: Pre-DFT PTRS insertion allows conserving the low PAPR of DFTsOFDM.
Observation 4: Pre-DFT PTRS insertion yields good phase noise compensation performance results with low complexity processing while conserving the PAPR.
Observation 5: Pre-DFT PTRS-based Doppler compensation yields good performance for DFTsOFDM regardless of the modcod. PTRS for DFTsOFDM should be configurable for all MCS to support the Doppler compensation use case.
Observation 6: In the case of post-DFT PTRS insertion, (M-K)-point DFT has higher PAPR penalty than puncturing.
Observation 7: Given the PAPR penalty, the interest of post-DFT PTRS insertion is unclear.
Therefore, we propose the following:
Proposal 1: Support Pre-DFT PT-RS insertion for UL DFT-S-OFDM.
Proposal 2: Support UE-configurable pattern/density of PTRS for DFT-s-OFDM.
Proposal 3: Support configurable chunk size.
Proposal 4: Support configurable number of chunks per DFTsOFDM symbol. The number is chosen from a set of at least 1, 2, 3 chunks per DFTsOFDM symbol.
[bookmark: _GoBack]Proposal 5: Support configurable time-domain PTRS density reduction, where the exact density implicitly depends at least on DMRS number/positions.
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