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Introducation
The phase tracking reference signal (PT-RS) has been considered in NR to track and compensate for the phase drift due to phase noise (PN) and frequency offset (FO). In RAN1#87AH, the following agreements were made regarding the PT-RS for DFT-s-OFDM in the uplink [1]:
Agreements:
· NR considers frequency offset and PN compensation for DFT-s-OFDM
· FFS the exact method (e.g. pre-DFT /post-DFT insertion of PT-RS, blind detection, DM-RS)
· Consider receiver complexity, PAPR, modulation order to be supported, etc 

In this contribution, we discuss design considerations on PT-RS for DFT-s-OFDM. Towards that end, we simulate and compare the EVM performance in different scenarios. The simulation setup is summarized in Section 2. In Section 3, to motivate the use of PT-RS for DFT-s-OFDM, we show the phase errors can deteriorate the EVM of the received signal, when no PT-RS is assumed. Then, we compare two potential approaches to insert PT-RS for DFT-s-OFDM, namely pre-DFT-insertion and post-DFT-insertion in Section 4. Finally, we show EVM performance curves for different time domain patterns of pre-DFT inserted PT-RS in Section 5.

Simulation setup
Besides thermal noise, we assume the phase error comes from (i) PN, (ii) Doppler effect due to user mobility, and (iii) residual carrier frequency offset (CFO). We assume that the most of the PN of the link comes from the UE.  In the simulation, we have adapted the PN mask model in [2] to a carrier frequency of 30 GHz. To model Doppler effect, we assume a user is moving with a speed of 3km/h and a random direction on the plane. The residual CFO is assumed to be uniformly distributed between [-0.1ppm, 0.1ppm] of the 30 GHz carrier frequency. 
The CDL-B model from 3GPP TR 38.900 is applied in the simulation. Further, we assume 20 rays in each cluster with random phases, to model small-scale fading. We apply directional beamforming to the angles of the strongest cluster in power. The pre-beamforming RMS delay spread is selected to be 100 ns as in the nominal delay spread case. After applying directional beamforming, the average post-beamforming delay spread is reduced to 7.2 ns [3]. In our prior contribution [3], we showed that in this case, the EVM due to intersymbol interference is negligible (<-60 dB). Therefore, the EVM of symbols in our simulations is mainly caused by thermal noise and phase error due to PN, Doppler effect, and CFO. 

For the numerology and frame structure assumptions, a tone spacing of 120 KHz and a slot length of 14 symbols are considered. To focus on the performance evaluation of PT-RS, we assume the channel coefficients (including the phase error at the time spot of channel estimation) are perfectly estimated in the beginning of each slot. Besides, for the configuration of DFT-s-OFDM, we choose a DFT size of 48 and a FFT size of 1024 in the simulations.
Table 1 summarizes the simulation assumptions.
	Carrier frequency
	30 GHz

	Power spectrum of phase noise
	Way forward proposal outlined in figure 4 of [2] reduced by 20dB*log10(40Ghz/30Ghz) 

	Residual CFO
	Uniformly distributed in [-0.1ppm, 0.1ppm] of carrier frequency

	UE mobility
	3 km/h speed and random moving direction

	Subcarrier Spacing 
	120kHz

	Duration of cyclic prefix 
	0.6µs

	UE assigned bandwidth/
DFT size in DFT-s-OFDM
	48 tones

	Total bandwidth/
FFT size in DFT-s-OFDM
	1024 tones

	Channel Model
	CDL-B (see 3GPP TR 38.900 V1.0.0 table 7.7.1)

	Pre-beamforming RMS delay spread
	100 ns (the “nominal” delay case)

	NB antenna array
	64x4

	UE antenna array 
	8x2

	Channel estimation
	Genie channel estimation in the beginning of each slot



Table 1: Simulation assumptions
EVM performance without PT-RS
In Figure 1, we show the EVM performance with the 1st, 4th, 7th, and 14th symbol in the slot when no phase tracking is assumed. In the simulations, CFO and Doppler effects are incorporated as in Table 1. Figure 1 shows that the EVM degradation increases with the time duration from the channel estimate, as the phase drift accumulates over time. In the worst case, i.e., for the 14th symbol, the EVM is larger than 0 dBc, which significantly limits the MCS of the slot, even if the previous symbols experiences better EVMs. In this case, having additional reference signals to track and compensate for the phase error will be useful to increase throughput.
Observation 1: Having reference signals for phase tracking can be useful to improve throughput even with QPSK modulation, e.g. for the last few symbols in a slot.
Figure 2 shows the EVM performance in the absence of CFO and Doppler effects. In the simulations, besides the impact of thermal noise, the phase drift of the received signal is only caused by PN. Figure 2 shows that the performance gap is negligible below 15 dB SNR between 1st symbol after channel estimation and the worst case symbol (14th symbol in the slot), which indicates that in certain narrow scenarios, e.g. the case of low mobility and negligible residual CFO, PT-RS are not needed for the low MCS/SNR scenarios.
Observation 2: PT-RS need not be activated in certain narrow scenarios, e.g. in the case of low FO, low UE mobility, and low SNR.
Proposal 1: For DFT-s-OFDM, PT-RS should be configurable by gNB.
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Figure 1. EVM performance with no PT-RS
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Figure 2. EVM performance with no PT-RS (assuming no CFO and no Doppler)
Pre-DFT and post-DFT insertion of PT-RS for DFT-s-OFDM
There are two types of approaches to insert PT-RS for DFT-s-OFDM at transmitters: (i) pre-DFT insertion; and (ii) post-DFT insertion, as discussed below. Figure 3 depicts the diagram for the pre-DFT insertion, where the PT-RS pilots are inserted in the time domain before the DFT operation. One major advantange of pre-DFT insertion is to maintain the low PAPR property of DFT-s-OFDM.


Figure 3. Diagram for Pre-DFT PT-RS insertion
For the post-DFT approach, we consider three specific methods to insert PT-RS, as depicted in Figure 4 (a)-(c):
· Method 1: Perform a (M-r)-size DFT to data symbols, and insert r symbols of PT-RS directly in frequency domain, as shown in Figure 4(a);
· Method 2: Perform a M-size DFT to data symbols, and then puncture r tones of the DFT ouput to insert r PT-RS pilots, as shown in Figure 4(b);
· Method 3: Perform a M-size DFT to data symbols, where r DFT input symbols are non-data auxiliary symbols; the use of the auxiliary symbols is to control the phases of r DFT output tones as pre-defined values, such that they can be used as PT-RS, as shown in Figure 4(c).


Figure 4 (a) Diagram for post-DFT insertion Method 1


Figure 4 (b) Diagram for post-DFT insertion Method 2


Figure 4 (c) Diagram for post-DFT insertion Method 3
We summarize the disadvantages of post DFT insertion methods as follows: 
· For Method 1, the use of the (M-r) point DFT may require additional implementation complexity at both transmitter and receivers; as (M-r) may not be factorized by 2, 3, and 5, e.g. when M=48, and r=1, M-r=47 is a prime number. Besides, the cubic metric (CM) of the transmit signal increases by 0.1 dB for the QPSK modulation, compared with the CM of pre-DFT insertion, which is 1.2 dB.
· For Method 2, the major problem is the puncturing of PT-RS tones hurts the received SNR. For example, with 10 dB pre-puncturing SNR, when puncturing 1 PT-RS tone per every 48 tones, the received SNR  decreases by 0.92 dB.
· For Method 3, to control the phase of the DFT output tones, larger magnititudes may be required for the auxiliary symbols, which will increase the CM of the transmit signals. For example, to have one auxiliary symbol to control the phase of one PT-RS tone, the auxiliary symbol requires a 13 dB higher average transmit power than the data symbol, which results in significantly higher PAPR than the pre-DFT insertion method.
Proposal 2: Apply pre-DFT insertion of PT-RS for DFT-s-OFDM as a baseline.
Performance evaluation for pre-DFT insertion PT-RS
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Figure 5. EVM performance with pre-DFT PT-RS insertion
Figure 5 shows the EVM performance with different time domain densities of PT-RS. We consider discontnous PT-RS time domain patterns to reduce overhead and increase throughput. In the simulation, we fix the UE bandwidth to be 48 tones. We assume only 1 pilot is inserted for a symbol containing PT-RS. For a symbol where the PT-RS is not inserted, its phase compensation is linearly interpolated by those of the nearest symbols with PT-RS. In Figure 5, we show the EVM of the worst case symbol, e.g. the symbol with the longest duration to its nearest PT-RS. The results show that PT-RS improves the worst case EVM in a slot, e.g. with 10 dB SNR, the worst case EVM decreases from 1.4 dB to -3.1 dB when inserting PT-RS every 7 symbol. Besides, inserting PT-RS every other tone provides a similar performace as inserting PT-RS every symbol, when the SNR is smaller than 20 dB, which indicates that inserting PT-RS for every other symbol may be sufficient for DFT-s-OFDM.
Proposal 3: Support variable time domain densities of PT-RS for DFT-s-OFDM.

Conclusion
Observation 1: Having reference signals for phase tracking can be useful to improve throughput even with QPSK, e.g. for the case of certain residual CFO and Doppler effects, or the last few symbols in the slot.
Observation 2: PT-RS need not be activated in certain narrow scenarios, e.g. in the case of low FO, low UE mobility, and low SNR.
Proposal 1: For DFT-s-OFDM, PT-RS should be configurable by gNB.
Proposal 2: Apply pre-DFT insertion of PT-RS for DFT-s-OFDM as a baseline.
Proposal 3: Support variable time domain densities of PT-RS for DFT-s-OFDM.
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