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Introduction
In RAN1#88bis meeting, PT-RS design for DFT-s-OFDM reached the following working assumption[1]
Working assumption:
· Uplink PTRS for DFT-s-OFDM waveform is supported.
· Presence of PTRS for DFT-s-OFDM is UE-specifically configurable
· FFS: Pattern/density of PTRS for DFT-s-OFDM is UE-specifically configurable or not
In this contribution, we will give our considerations on PT-RS design for DFT-s-OFDM.

Support PT-RS for DFT-s-OFDM
Various evaluation results [2][3] have revealed that DFT-s-OFDM modulated with 16QAM (if supported) may suffer degradation from common phase error (CPE), and using PT-RS is beneficial for that case. Since currently there has been no limit on specific modulation schemes for DFT-s-OFDM, supporting PT-RS for DFT-s-OFDM is necessary, at least targeting 16QAM. Therefore, we propose to confirm the working assumption.
Proposal 1: Confirm the working assumption of supporting PT-RS for DFT-s-OFDM.

PT-RS insertion
If PT-RS for DFT-s-OFDM is supported, the next issue is where to insert PT-RS. There are two alternatives
· Alt. 1 Before DFT
· Alt. 2 After DFT
· Alt. 2-1 Data are punctured for PT-RS RE
· Alt. 2-2 Data are rate-matched for PT-RS RE
We think neither of the alternatives has any issue with unified design with PT-RS for CP-OFDM at the receiver side (gNB), while insertion after DFT is highly likely to suffer from increase of PAPR where the power head-room for 16QAM is already reduced compared to QPSK. Therefore, the PAPR preserving scheme, i.e., insertion before DFT, should be supported.
Proposal 2: PT-RS should be inserted before DFT, if supported.

Time domain PT-RS
When PT-RS is inserted before DFT, it is equivalent to be a time-domain pilot, which could suffer from ISI under a dispersive channel. The basic assumption of using PT-RS is that ICI due to phase change within an OFDM symbol is modelled as interference, so the DMRS based channel estimation can be performed prior to PT-RS based symbol-wise CPE correction, justifying the use of a time-domain pilot whose ISI has been mitigated after channel equalization, while ICI is always treated as interference anyway.
The equalizer output based on ideal channel estimation would result in a purely multiplicative equivalent channel between original data and the phase noise, considering the following three aspects:
a. The phase noise is dominant at the transmitter side, the channel distortion is imposed after the phase noise as Figure 1 shows.
b. The concatenation of channel and channel equalizer may have some common effect in single-carrier frequency domain equalizer, e.g., noise enhancement.
c. DFT-spread with IDFT modulation is equivalent to time domain upsampling and frequency offset. The phase noise multiplied after IDFT, i.e., up-sampled time domain, can be treated as multiplied before IDFT with a little impact from ICI, which has already been treated as interference.
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[bookmark: _Ref481058829]Figure 1 Phase noise contribution in UL DFT-s-OFDM
Observation 1: For UL, the equalizer output based on ideal channel estimation would result in a purely multiplicative equivalent channel between original data and the phase noise.
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[bookmark: _Ref481061360]Figure 2 Waveform of DFT-s-OFDM and distributed PT-RS
As in CP-OFDM, multiple PT-RS REs should be used to improve the estimation of phase noise. For CP-OFDM, distributed pattern has been agreed to be a default configuration [1].
	Agreements:
· Distributed PTRS (non-consecutive subcarriers) in the frequency domain is used as default configuration
· FFS: Support optional frequency-localized pattern with UE-specific explicit signaling.  (e.g. higher MCS case) 



We propose that distributed PT-RS should also be supported for DFT-s-OFDM, as it can even estimate the phase noise within a DFT-s-OFDM symbol, thanks to the time domain sampling structure thereof, see the illustration in Figure 2. From implementation perspective, a gNB can either average over all the phase estimates in a DFT-s-OFDM symbol to reduce the error on each individual PT-RS to obtain a symbol-level CPE, or perform advanced time-domain filtering to compensate the phase noise on a sub-symbol-level basis.
Proposal 3: Distributed PT-RS pattern for DFT-s-OFDM should be supported.

Simulation results
Figure 3 shows a set of simulation results of EVM performance w/o and w/ CPE compensation by PT-RS insertion before DFT of DFT-s-OFDM. The simulation assumptions are given in the Table 1.
	Waveform
	DFT-s-OFDM

	DFT size (UE bandwidth)
	48

	FFT size
	1024

	PN model
	WF in [4]

	Modulation
	QPSK

	Subcarrier spacing
	60 KHz


[bookmark: _Ref481071382]Table 1: Simulation assumptions
Simulation results show that w/o CPE compensation, the received EVM performance is even better than that of single PT-RS insertion before DFT, due to the random noise influence on PT-RS estimation of CPE in low SNR range. From this perspective, multiple PT-RS insertion before DFT should be supported. In this case, there are mainly two types of PT-RS patterns, namely localized and distributed pattern. In our simulations, four PT-RS REs located either in the center of UE resource grid (localized) per symbol or uniformly along the UE resource grid (distributed) per symbol are inserted before DFT of DFT-s-OFDM. From simulation results, it is known that EVM performance degrades in case of localized PT-RS pattern, especially for relatively high SNR, illustrating that distributed PT-RS pattern may bring some diversity gain for CPE estimation.
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[bookmark: _Ref481068849]Figure 3 EVM performance after CPE compensation by PT-RS for DFT-s-OFDM

Observation 2: Single PT-RS pattern for CPE compensation before DFT of DFT-s-OFDM may degrade EVM performance.
Observation 3: Distributed PT-RS pattern before DFT could compensate CPE more efficiently than localized PT-RS pattern for DFT-s-OFDM.

Conclusion
In this contribution, PT-RS design for DFT-s-OFDM is presented, with the following observations and proposals:
Observation 1: For UL, the equalizer output based on ideal channel estimation would result in a purely multiplicative equivalent channel between original data and the phase noise.
Observation 2: Single PT-RS pattern for CPE compensation before DFT of DFT-s-OFDM may degrade EVM performance.
Observation 3: Distributed PT-RS pattern before DFT could compensate CPE more efficiently than localized PT-RS pattern for DFT-s-OFDM.
Proposal 1: Confirm the working assumption of supporting PT-RS for DFT-s-OFDM.
Proposal 2: PT-RS should be inserted before DFT, if supported.
Proposal 3: Distributed PT-RS pattern for DFT-s-OFDM should be supported.
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