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Introduction
In RAN1#89ah, the following agreement was made:
[bookmark: _Ref178064866]In this contribution, we discuss different aspects related with the design of the Phase Tracking Reference Signal (PTRS) for UL.· For PT-RS insertion for UL DFT-S-OFDM 
· Companies are encouraged to perform simulations with realistic simulation assumptions comparing pre-DFT vs. post-DFT PT-RS insertion
· For pre-DFT, companies are encouraged to compare chunk-based distribution vs. non-chunk based distribution
· Support at least full symbol-level time density for time-domain PT-RS for DFT-S-OFDM (every PUSCH carrying symbol)
· FFS: whether to support configurable symbol-level time density for time-domain PT-RS density reduction for DFT-S-OFDM
· Note: If supported, the configuration can be implicit (associated with scheduled MCS and/or BW and/or DM-RS port(s)/position) or explicit, which is to be decided in next meeting

Discussion
PTRS design for CP-OFDM
It was previously agreed that the same time and frequency densities should be used for CP-OFDM in DL and UL. Therefore, the tables presented in [1] for association between PTRS time density and scheduled MCS and association between PTRS frequency density and scheduled BW should be used in UL when CP-OFDM waveform is used.
[bookmark: _Toc485400383][bookmark: _Toc489947431][bookmark: _Toc485399125]In UL, when using CP-OFDM, Table 1 and Table 3 in [1] are adopted for association between MCS and PTRS time density for SCS 60 kHz and 120 kHz, respectively.
[bookmark: _Toc485400384][bookmark: _Toc489947432][bookmark: _Toc485399126]In UL, when using CP-OFDM, Table 2 and Table 4 in [1] are adopted for association between scheduled BW and PTRS frequency density for SCS 60 kHz and 120 kHz, respectively.
PTRS scheme for DFT-S-OFDM
In [2] we discussed about the different advantages and disadvantages of the proposed schemes for PTRS when using DFT-S-OFDM waveform, also evaluation results were presented in [3]. The discussion showed that post-DFT schemes for PTRS not only offer worse PAPR/CM properties but also worse performance for the MCS in which phase noise compensation is required. 
In this contribution we show further evaluations, with realistic assumptions of practical phase noise and channel estimation, that confirm that pre-DFT PTRS scheme is a more suitable option. In Appendix 5.1, from Figure 4 to Figure 7, we show the evaluation results for QPSK(1/2), 16QAM(2/3), 16QAM(3/4), and 64QAM(3/4), and different scheduled BW (2, 8, 16, 32, and 64 PRB). For the evaluations, the phase noise model presented in [6] has been used. 
Moreover, to reflect the effects of the PAPR/CM properties in the performance of each of the schemes, we have considered the effects of the Power Amplifier in the UE for the evaluations. The Power Amplifier model that has been used is the 28 GHz CMOS model in Appendix A.1 in [7]. The evaluations show that for low order MCS, post-DFT PTRS scheme offers better performance than pre-DFT PTRS, but worse performance that the case without any PTRS. For medium and high order MCS (the ones in which compensation based on PTRS offers performance gain), pre-DFT outperforms post-DFT scheme (for both, low and high scheduled BW). Therefore, we can conclude that in the cases in which PTRS is needed (medium and high MCS), pre-DFT PTRS offers better performance.
[bookmark: _Toc485400385][bookmark: _Toc489947433]The Working assumption is confirmed: Support Pre-DFT PT-RS insertion for UL DFT-S-OFDM.
[bookmark: _Toc489947434]Post-DFT PT-RS insertion for UL DFT-S-OFDM is not supported.
PTRS presence and densities for DFT-S-OFDM
PTRS in DFT domain
One of the key aspects of the pre-DFT PTRS scheme is the position of the PTRS samples in the DFT domain. Chunk-based PTRS positioning (as the one in Figure 1) seems to be the preferred option for the PTRS design, mainly because it allows averaging between consecutives samples to improve the phase estimation. For the chunk-based design, the number of samples per chunk and the number of chunks for each case must be determined. 
[image: ]
[bookmark: _Ref489017773]Figure 1. Example of chunk-based distribution of PTRS in DFT domain.
In [4], evaluation results show that optimal chunk size is different for different kinds of phase noise models. However, the optimal chunk size is not just dependent on the phase noise on the oscillator, but also in the receiver implementation. For phase noise models in which ICI does not produce a significant degradation (as for example the one presented in [6]), a receiver implementation with just CPE estimation and correction is needed. 
In Figure 4 we show the evaluation results for different chunk size’s for two kind of receiver structures using the phase noise model presented in [6]. The notation PTRS X [Y-Z] in the graphs means that X PTRS samples are used in each OFDM symbol, and these samples are distributed in Y chunks of Z samples each chunk. From the evaluations we can confirm that for this phase noise model, CPE estimation offers better results than the full phase noise compensation. Moreover, for the CPE estimation case the chunk size does not have effect on the performance. 
However, for phase noise models with worst ICI properties, full phase noise compensation is required. For the cases in which ICI is a significant degradation and full phase noise compensation is required, a more disperse PTRS distribution is needed (to track better the quick changes of phase noise in time domain), so a small chunk-size is required. Therefore, small chunk size is preferred, because it offers good performance for both, receivers with CPE compensation and receiver with full phase noise compensation. To simplify the PTRS design, a fixed chunk-size must be selected. So, a chunk size of 2 PTRS samples seems the best option, because it allows averaging between two consecutive samples and offers a sparse distribution that allows full phase noise compensation.  No evaluation results are presented for the phase noise model that requires full phase noise compensation, because so far, no company has presented a verified phase noise model with these properties.
[bookmark: _Toc489947435]Support a chunk-based distribution for PTRS in DFT-S-OFDM with a fixed chunk size of 2.
Once the chunk size is determined, the number of required chunks of size 2 for each case should be determined. The results in [5] reveal that the number of required PTRS samples in the DFT domain is dependent on the MCS and scheduled BW. 
However, to obtain a harmonized design between DFT-S-OFDM and CP-OFDM and lower the complexity of the system, the number of PTRS samples in the DFT domain should be only associated with the scheduled BW (without worsening significantly the performance).  As in the case of CP-OFDM, a table that defines the association between number of PTRS chunks of size 2 in the DFT domain and scheduled BW should be defined. An example of an association table is shown in Table 1. In the table, Xi means that there is one chunk of size 2 each 1/Xi PRB’s.
[bookmark: _Toc485400388][bookmark: _Toc489947436]The density of PTRS in the DFT domain is associated with the scheduled BW.
[bookmark: _Toc485400389][bookmark: _Toc489947437]Adopt Table 1 to associate the PTRS density in DFT domain and scheduled BW where the values Xn are FFS.
	Scheduled BW
	DFT density 

	0  BW  BW1
	X1

	BW1 BW  BW2
	X2

	…
	…

	BWN BW
	XN


[bookmark: _Ref485312652]Table 1. Association table between PTRS DFT density and scheduled BW.
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a) Full phase noise compensation
	[image: ]
b) CPE compensation





Figure 2. Evaluation results for MCS index 17, with 32 scheduled PRB at 30 GHz carrier frequency with 60 kHz SCS.
PTRS in time domain
One of the main advantages of pre-DFT PTRS scheme is that it allows to perform full phase noise estimation, which means that both Common Phase Error (CPE) and Inter-Carrier Interference (ICI) can be corrected. Different receiver implementation could have different kinds of estimation, i.e., just CPE estimation or full phase noise estimation. Therefore, to obtain a simple design for PTRS, it must be compatible with both kinds of receiver implementations. Different alternatives can be selected for the design of PTRS in time domain. 
One the options is a sparse pattern, in which PTRS is not present in all the symbols scheduled with data (as in Figure 3a). The main advantage of this pattern is that offers a low overhead, but it is just suitable for CPE compensation receiver because the CPE rotation is not completely uncorrelated between consecutive OFDM symbols. 
However, this kind of pattern is not compatible with full phase noise compensation. The main reason is that for full phase noise compensation we want to estimate the phase noise samples, and they can be highly uncorrelated between consecutive OFDM symbols. Therefore, if full phase noise compensation is also aimed, a continuous PTRS pattern as the one shown in Figure 3b must be used for DFT-S-OFDM. In conclusion, in order to have a PTRS design that is compatible with both kinds of receiver implementation, PTRS in every OFDM symbol for DFT-S-OFDM is required.
[bookmark: _Toc485400386][bookmark: _Toc489947438]When PTRS is scheduled for DFT-S-OFDM, it must be present in all the OFDM symbols in which data is also scheduled, i.e. only time density 1 is supported.
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a) Sparse PTRS in time domain
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b) Continuous PTRS in time domain


[bookmark: _Ref485387716]Figure 3. Different PTRS pattern in time domain.
PTRS presence.
From the evaluations results in Appendix 5.1, we can observe that PTRS presence is associated with the MCS and the scheduled BW. However, by associating the PTRS presence only to the MCS a lower complexity for the PTRS design is achieved without worsening significantly the performance. In Table 2 we present the association table between PTRS and the scheduled MCS that gives better performance according to the evaluations in Appendix 5.1.
[bookmark: _Toc485400387][bookmark: _Toc489947439]The PTRS presence in DFT-S-OFDM must be associated with the scheduled MCS according to Table 2.
	Modulation scheme
	PTRS presence 

	pi/2 BPSK and QPSK 
	OFF

	16QAM, 64QAM, 256QAM 
	ON


[bookmark: _Ref489455680]Table 2. Association table between PTRS presence and MCS.
Conclusions
Based on the discussion in this contribution we propose the following
 Proposal 1	In UL, when using CP-OFDM, Table 1 and Table 3 in [1] are adopted for association between MCS and PTRS time density for SCS 60 kHz and 120 kHz, respectively.
Proposal 2	In UL, when using CP-OFDM, Table 2 and Table 4 in [1] are adopted for association between scheduled BW and PTRS frequency density for SCS 60 kHz and 120 kHz, respectively.
Proposal 3	The Working assumption is confirmed: Support Pre-DFT PT-RS insertion for UL DFT-S-OFDM.
Proposal 4	Post-DFT PT-RS insertion for UL DFT-S-OFDM is not supported.
Proposal 5	Support a chunk-based distribution for PTRS in DFT-S-OFDM with a fixed chunk size of 2.
Proposal 6	The density of PTRS in the DFT domain is associated with the scheduled BW.
Proposal 7	Adopt Table 1 to associate the PTRS density in DFT domain and scheduled BW where the values Xn are FFS.
Proposal 8	When PTRS is scheduled for DFT-S-OFDM, it must be present in all the OFDM symbols in which data is also scheduled, i.e. only time density 1 is supported.
Proposal 9	The PTRS presence in DFT-S-OFDM must be associated with the scheduled MCS according to Table 2.
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Appendix
[bookmark: _Ref489017171]Evaluations for pre-DFT vs post-DFT PTRS comparison
0. Simulations assumptions
	Parameter
	Value

	Channel Model
	TDL_A

	Phase Noise model
	As proposed in [6], applied on both BS and UE

	Power Amplifier model
	28 GHz CMOS model in Appendix A.1 in [7], applied on the UE

	Tx Scheme
	1 antenna 

	Rx Scheme
	1 antenna

	UE speed
	3km/h

	Delay spread
	100 ns

	Transmission Slot Length
	14 symbols

	Link Adaptation
	Disabled

	Channel estimation
	Practical LMMSE channel estimation using front loaded RS pattern

	Phase estimation
	Practical phase estimation


[bookmark: _Ref477940397]Table 3. Simulation assumptions 1





























0. Evaluations
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[bookmark: _Ref488323826]Figure 4. Evaluation results for MCS QPSK (0.5) at 30 GHz carrier frequency with 60 kHz SCS.
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Figure 5. Evaluation results for MCS 16QAM (2/3) at 30 GHz carrier frequency with 60 kHz SCS.
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Figure 6. Evaluation results for MCS 16QAM (3/4) at 30 GHz carrier frequency with 60 kHz SCS.
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[bookmark: _Ref488323831]Figure 7. Evaluation results for MCS 64QAM (3/4) at 30 GHz carrier frequency with 60 kHz SCS.





image4.png
[E0 OFDM symbol with data and PTRS [ZZ1 OFDM symbol with just data




image5.png
2217 79177

Slot





image6.png
Slot




image7.png
Throughput [Mbits!s]

MCS(QPSK,0.5), PRB(2), TDL_A(100 ns), Tx(1), Rx(1)

o8-

o8-

02+

—>—PTRS OFF
—o—pre DFT , density 1
- - pre DFT , density 112
——post DFT , density 1
- - post DFT , density 12

10

SNR [dB]

15

20

2

20




image8.png
MCS(QPSK,0.5), PRB(4), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

2|~ pre DFT , density 1

-« pre DFT  density 12
- pre DFT , density 1/4
——post DFT , density 1

Throughput [Mbits/s]

0 15 20 2 30
SNR [dB]




image9.png
Throughput [Mbits/s]

MCS(QPSK,0.5), PRB(8), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

—o—pre DFT , density 1

- - pre DFT , density 112
-~ pre DFT , density 114

0 pre DFT , density 1/8

——post DFT , density 1

- - post DFT , density 172

post DFT , density 1/4

9 post DFT , density 1/8

a5+

05

0 15 20 2 30
SNR [dB]




image10.png
Throughput [Mbits/s]

MCS(QPSK,0.5), PRB(16), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

——pre DFT , density 1

- - pre DFT , density 112

- pre DFT , density 114
0 pre DFT , density 1/8

——post DFT , density 1

6| |- postDFT , density 112

post DFT , density 1/4

9 post DFT , density 1/8

10

SNR [dB]

15

20

2

20




image11.png
Throughput [Mbits/s]

MCS(QPSK,0.5), PRB(32), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

—o—pre DFT , density 1

- - pre DFT , density 112

- pre DFT , density 114
0 pre DFT , density 1/8

——post DFT , density 1

- - post DFT , density 172

post DFT , density 1/4

9 post DFT , density 1/8

3 5 0 15 20
SNR [dB]

2

20




image12.png
Throughput [Mbits/s]

MCS(QPSK,0.5), PRB(64), TDL_A(100 ns), Tx(1), Rx(1)

s

—>—PTRS OFF

——pre DFT , density 1
304 |- % pre DFT, density 12

0 pre DFT , density 1/8

-+~ pre DFT , density 1/4
45 | ~&posLDFT , density 1

- - post DFT , density 172

- postOFT . donsity 14 |/ |

9 post DFT , density 1/8 [ /
20r

4

5
10
sk
5 0 5 10 15 20 2 £

SNR [dB]




image13.png
Throughput [Mbits/s]

MCS(QAM16,0.66667), PRB(2), TDL_A(100 ns), Tx(1), Rx(1)

25+

05—

—>—PTRS OFF
—o—pre DFT , density 1
- - pre DFT , density 112
——post DFT , density 1
- - post DFT , density 112

SNR [dB]





image14.png
Throughput [Mbits/s]

MCS(QAM16,0.66667), PRB(4), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF
—o—pre DFT , density 1

-« pre DFT  density 12
-+~ pre DFT , density 114

a5

SNR [dB]




image15.png
Throughput [Mbits/s]

MCS(QAM16,0.66667), PRB(8), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

—o—pre DFT , density 1

- - pre DFT , density 112

- pre DFT , density 114
0 pre DFT , density 1/8

—6—post DFT , density 1

- - post DFT , density 172

post DFT , density 1/4

9 post DFT , density 1/8

SNR [dB]





image16.png
Throughput [Mbits/s]

MCS(QAN16,0.66667), PRB(16), TOL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF
—o—pre DFT , density 1
- - pre DFT , density 112
-4~ pre DFT , density 1/4.
0 pre DFT , density 1/8
——post DFT , density 1
5| |~ % postDFT  density 172
post DFT , density 1/4
9 post DFT , density 1/8

SNR [dB]




image17.png
Throughput [Mbits/s]

MCS(QAM16,0.66667), PRB(32), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF
—o—pre DFT , density 1
- - pre DFT , density 112
-4~ pre DFT , density 1/4.
0 pre DFT , density 1/8
——post DFT , density 1
30+ |- * postDFT , density 1/2
post DFT , density 1/4
9 post DFT , density 1/8

a0

SNR [dB]





image18.png
Throughput [Mbits/s]

MCS(QAN16,0.66667), PRB(64), TOL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

80 | ~o—pre DFT , density 1
- - pre DFT , density 112
-+~ pre DFT , density 114

7070 pre DFT , density 1/8
——post DFT , density 1

60— |- %~ post DFT, density 112

post DFT , density 1/4

9 post DFT , density 1/8

50

a0-

a0

20-

10

5 0 5 0 15 20 2 30

SNR [dB]




image19.png
Throughput [Mbits/s]

MCS(QAM16,0.75), PRB(2), TDL_A(100 ns), Tx(1), Rx(1)

25-

05+

—>—PTRS OFF
—o—pre DFT , density 1
- - pre DFT , density 112
—o—post DFT , density 1
- % postDFT , density 172

SNR [dB]





image20.png
Throughput [Mbits/s]

MCS(QAM16,0.75), PRB(4), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF
—o—pre DFT , density 1

-« pre DFT  density 12
- pre DFT , density 1/4

SNR [dB]




image21.png
Throughput [Mbits/s]

MCS(QAM16,0.75), PRB(8), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

—o—pre DFT , density 1

- - pre DFT , density 112

-4~ pre DFT , density 1/4.
0 pre DFT , density 1/8

——post DFT , density 1

- - post DFT , density 172

post DFT , density 1/4

9 post DFT , density 1/8

SNR [dB]





image22.png
Throughput [Mbits/s]

MCS(QAM16,0.75), PRB(16), TDL_A(100 ns), Tx(1), Rx(1)

5=

—>—PTRS OFF
—o—pre DFT , density 1
- - pre DFT , density 112
-4~ pre DFT , density 1/4.
0 pre DFT , density 1/8
——post DFT , density 1
- - post DFT , density 172
post DFT , density 1/4
9 post DFT , density 1/8

SNR [dB]

25

20




image23.png
Throughput [Mbits/s]

MCS(QAM16,0.75), PRB(32), TDL_A(100 ns), Tx(1), Rx(1)

45 - [—>—PTRS OFF
—o—pre DFT , density 1
4o | Pre DFT, density 172
-4~ pre DFT , density 1/4.
0 pre DFT , density 1/8
35| ~o—post DFT , density 1
- - post DFT , density 172
30| |~*-post DFT , density 1/4
9 post DFT , density 1/8
X
20
5
0-
sk
5 0 5 ko) 15 20 2 20

SNR [dB]




image24.png
MCS(QAM16,0.75), PRB(64), TDL_A(100 ns), Tx(1), Rx(1)

90 | —>—PTRS OFF
- - pre DFT , density 112
50 pre DFT , density 1/4
O pre DFT , density 1/8
—o—pre DFT , density 1
707 | —e—post DFT, density 1
- - post DFT , density 112
7 post DFT , density 1/4
E71 o postDFT  densiy 16
E
H
240
£
0~
20
10
5 0 5

SNR [dB]




image25.png
Throughput [Mbits/s]

MCS(QAM64,0.75), PRB(2), TDL_A(100 ns), Tx(1), Rx(1)

35| [~>—PTRS OFF
5 pre DFT . density 1

- - pre DFT , density 112
3| |—o—post DFT, density 1

- - post DFT , density 112

05

5 0 5 10 15 20 25 30
SNR [0B]




image26.png
MCS(QAM64,0.75), PRB(4), TDL_A(100 ns), Tx(1), Rx(1)

H
H
H
g
£

4

a-

—>—PTRS OFF
—o—pre DFT , density 1

- - pre DFT , density 112
-4~ pre DFT , density 114

SNR [dB]




image27.png
Throughput [Mbits/s]

MCS(QAM64,0.75), PRB(8), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

—o—pre DFT , density 1

- - pre DFT , density 112

-4~ pre DFT , density 1/4.
0 pre DFT , density 1/8

——post DFT , density 1

- - post DFT , density 172

-4 post DFT , density 1/4
9 post DFT , density 1/8

SNR [dB]





image28.png
Throughput [Mbits/s]

MCS(QAM64,0.75), PRB(16), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

—o—pre DFT , density 1

- - pre DFT , density 112

-+~ pre DFT , density 114
O pre DFT , density 1/8

o~ post DFT , density 1

- - post DFT , density 1/2
~#--post DFT , density 1/4
9 post DFT , density 1/8

SNR [dB]





image29.png
Throughput [Mbits/s]

MCS(QAM64,0.75), PRB(32), TDL_A(100 ns), Tx(1), Rx(1)

—>—PTRS OFF

—o—pre DFT , density 1

- - pre DFT , density 112

-4~ pre DFT , density 1/4.
0 pre DFT , density 1/8

——post DFT , density 1

- - post DFT , density 172

20-
~#--post DFT , density 1/4
9 post DFT , density 1/8
15
10r
5o
5 0 5 10

SNR [dB]





image30.png
Throughput [Mbits/s]

MCS(QAM64,0.75), PRB(64), TDL_A(100 ns), Tx(1), Rx(1)

25

20+

—>—PTRS OFF

—o—pre DFT , density 1

- - pre DFT , density 112

-4~ pre DFT , density 1/4.
0 pre DFT , density 1/8

——post DFT , density 1

- - post DFT , density 172

-4 post DFT , density 1/4
9 post DFT , density 1/8

SNR [dB]





image1.png
SSSSSSSSSS
ssssssssss




image2.png
Throughput [Mbits/s]

%0

MCS(27), PRB(32), CDL_B(30 ns), Tx(2), Rx(4)

70+

20-

—<—PTRS OFF
|-e-8PTRS[B- 1]

—+—8PTRS [4-2]
—6-8PTRS [2-4]

- BPTRS[1-8]

10
SNR [0B]

15

20

25

30

35




image3.png
Throughput [Mbits/s]

%0

MCS(27), PRB(32), CDL_B(30 ns), Tx(2), Rx(4)

70+

20-

—<—PTRS OFF
|-e-8PTRS[B- 1]

—+—8PTRS [4-2]
—6-8PTRS [2-4]

- BPTRS[1-8]

10
SNR [0B]

15

20

25

30

35




