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Introduction
During RAN1 Adhoc, RAN1 captured the following agreements regarding phase tracking RS for CP-OFDM
Agreements:
· Regarding PT-RS for CP-OFDM, the following is supported
· For a given UE, the designated PT-RS is confined in scheduled resource as a baseline
· Whether/how to share DL PT-RS among UEs is FFS
· Presence of PT-RS in scheduled resource is UE-specifically configured/indicated 
· Multiple PT-RS densities defined in time/frequency domain are supported
· UE can assume same precoding for a DM-RS port and a PT-RS port
· Among which ports and mapping rules(fixed and/or configurable, etc) are FFS
· Number of PT-RS ports can be fewer than number of DM-RS ports in scheduled resource 
· Study the following for PT-RS, taking overhead and forward compatibility into account
· Details on frequency domain patterns/densities
· How to indicate presence/patterns of PT-RS
· E.g., implicitly indicated based on association with numerology/MCS/number of allocated PRBs/UE category
· E.g., explicit indication by L1/L2/L3 signaling
· Port multiplexing methods
· E.g., non-orthogonal multiplexing within PT-RS ports and with data
· Using PT-RS for CFO/Doppler estimation
· QCL relationship between PT-RS and DM-RS
· Joint transmission of CSI-RS and PT-RS for improving CSI acquisition accuracy
· Others are not precluded

This contribution considers PT-RS design. 
 
Design aspect of the PTRS 
2.1 Discussion on time-domain pattern 
The time varying phase behavior of the oscillator is one of the challenging issues at above 6GHz rather than below 6GHz. When the mismatch of oscillator frequencies between transmitter and receiver occurs, the frequency difference implies a shift of the received signal spectrum at the baseband. In OFDM, it causes a misalignment between the bins of FFT and the peaks of the sinc pulses of the received signal. This breaks orthogonality between the subcarriers, which results in a spectral leakage among them. As the number of subcarriers increases, this can be modeled as a Gaussian noise. The distortion due to phase noise can be divided into two components: Common Phase Error (CPE) and Inter Carrier Interference (ICI). While ICI corresponds to adjacent subcarriers interfering with each other, CPE represents the common phase rotation experienced by all the subcarriers within one OFDM symbol. 
EVM(Error Vector Magnitude) is defined as square root of the ratio of the mean error vector power to the mean reference power expressed in percent. Tx EVM requirement on 3GPP is represented as follow: 

Table 1: EVM requirement for supporting various modulation schemes
	Modulation scheme for PDSCH
	Required EVM [%]
	Required EVM [dB]

	QPSK
	17.5 %
	-15.14 dB

	16QAM
	12.5 %
	-18.06 dB

	64QAM
	8 %
	-21.93 dB



In order to support high modulation scheme, such as 64 QAM, it is beneficial to secure low EVM value considering performance/implementation margin (e.g. 3dB). 
 In order to track phase, following options can be considered. 
· Option 1: PTRS is allocated on every OFDM symbol
· Option 2: PTRS is allocated on every other OFDM symbol
· Option 3: PTRS is allocated on every 4-th OFDM symbol
Figure 1 shows the phase noise distortion across OFDM symbols according to above options at 30GHz. 
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(a) Phase difference according to options

      (b) CPE in option 1              (c) CPE in option 2              (d) CPE in option 3
Figure 1. Phase distortion according to options for time density(Fc = 30GHz) 

As shown in Figure 1, phase noise is regarded as a time-variant channel within OFDM symbol. It’s observed that the phase error between common phase and instantaneous phase on every subcarrier would become smaller as increasing time domain density, which means CPE term of phase noise would be dominant rather than ICI term. Thus, PTRS can be designed considering only CPE when PTRS is allocated densely. In option 1, consecutive RS can track phase more correctly, which Table 1 shows the EVM corresponding to time domain patterns at center frequency of 30 GHz. As shown in Table 1, a little performance gain can be observed when option 3 is considered. If we consider around 3dB of performance/implementation margin, it is hard to reach on requirement for supporting 64 QAM. In order to estimate phase noise correctly, consecutive symbol allocation is preferred as time domain pattern for PTRS.

Observation 1: CPE of phase noise would become dominant rather than ICI when PTRS is allocated densely in time domain
Table 1: EVM according to time domain density (Fc = 30GHz)
	
	Option 1 
	Option 2
	Option 3

	EVM
(with PN)
	-23.3 dB
	-23.3 dB
	-23.3 dB

	EVM
(with ideal CPE compensation)
	-28.1 dB
(4.8 dB gain)
	-25.8 dB
(2.5 dB gain)
	-24.3 dB
(1 dB gain)



Table 2 shows the EVM corresponding to time domain patterns at carrier frequency of 40 GHz. As carrier frequency increases, consecutive RS pattern is preferred. For low carrier frequency band, PTRS for phase noise is not necessary since the effect of phase noise can be negligible.

Proposal 1: At least NR support option 1(RS mapped on every OFDM symbol) and option 2(RS mapped on every other OFDM symbol) for time domain densities for PTRS

Table 2: EVM according to time domain density (Fc = 40GHz)
	
	Option 1 
	Option 2
	Option 3

	EVM
(with PN)
	-20.7178 dB
	-20.6046 dB
	-20.7268 dB

	EVM
(with ideal CPE compensation)
	-25.5743 dB
(4.8 dB gain)
	-23.1181 dB
(2.5 dB gain)
	-21.943 dB
(1.2 dB gain)



As shown in Table 1 and 2, symbol duration would be needed as carrier frequency increases for CPE correction. However, EVM with ideal CPE compensation is much degraded compared to that at 30GHz. It is observed that effect of ICI due to phase noise would not be negligible at high carrier frequency, such as 60GHz, 90 GHz and so on.

Observation 2: ICI due to phase noise would not be negligible as carrier frequency increases

2.2 Design aspects on PTRS 
When designing of PTRS pattern in the frequency domain, the trade-off the phase estimation performance and the PTRS overhead should be carefully taken into account. The PTRS overhead might cause increasing effective code rate for data transmission.  
First of all, it is assumed that PTRS can be allocated over full bandwidth with equal-spacing allocation. The maximum number of subcarriers for PTRS can be provided throughout this assumption. All UEs allocated on same subframe where PTRS is transmitted can share PTRS for phase tracking. UE can compensate the phase distortion by using subcarriers allocated for PTRS. 
The phase estimated on k-th subcarrier in l-th OFDM symbol can be averaged by K subcarriers as follows: 



where  denotes the estimated phase on k-th subcarrier in l-th OFDM symbol. K represents the total number of subcarriers for PTRS. Figure 2 shows the PDF on phase estimation error according to the number of subcarriers for PTRS and time-domain PTRS patterns, e.g., option 1 and 2 discussed in Section 2.1. As discussed in previous meeting, in case that PTRS is used for phase noise compensation, it is necessary to focus on scenario that requires high data throughput. It means a UE is allocated wider bandwidth and high MCS level. In this figure, subcarriers allocated for PTRS are spread over full bandwidth (e.g., 100 RBs) with equal spacing such as 12, 24, 48, etc. In order to clearly investigate the effect of averaging noise, we assumed only thermal noise is added for this simulation. 
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(a) Option 1                             (b) Option 2
Figure 2. PDF on phase estimation corresponding to frequency/time density of PTRS

Table 3: EVM according to frequency/time domain density
	RS spacing
	EVM with CPE compensation
(Option 1)
	EVM with CPE compensation
 (Option 2)

	12
	-27.7 dB
	-25.3 dB

	24
	-27.7 dB
	-25.2 dB

	48
	-27 dB
	-24.5 dB

	96
	-26.9 dB
	-24.4 dB

	192
	-26.9 dB
	-24.3 dB



Considering the trade-off between the PTRS overhead and performance, small number of subcarriers (e.g. 7) are needed to accurately estimate CPE for wideband allocation from the results in Fig. 2 and Table 2. For a wideband PDSCH/PUSCH transmission, a PT-RS pattern with option 1/2 and with frequency density of 8/16 RBs can be considered. From the efficient resource management perspective, it may be beneficial to transmit PTRS when UE want to use it, which depends on modulation scheme, scheduled bandwidth, subcarrier spacing, carrier frequency and so on.

Proposal 2: PTRS pattern with frequency density of 8/16 RBs should be supported for wideband PDSCH/PUSCH transmission.

In downlink, the link between gNB and UE can be assumed that there is only single transmitter from the UE perspective. If one oscillator is shared with all of DMRS ports, one PTRS port is enough to correct phase noise. This may be beneficial from RS overhead perspective for SU-MIMO. 

Observation 3: Different from DMRS, the number of orthogonal PTRS ports is equal or larger than the number of independent oscillators. 

Meanwhile, all UEs in a single gNB with single oscillator experience the common phase noise occurred at transmitter. Thus, all UEs who need to compensate phase noise can share the PTRS to reduce the RS overhead for MU-MIMO. On the other hand, it is hard to share UE-specific precoded PTRS among UEs within the same time-frequency resources, e.g. MU-MIMO since interference from other UE has to be induced. One candidate way to share PTRS among UEs within same time-frequency resource is allocating PTRS without precoding in a scheduled resource. According to frequency density of 8/16 RBs, the overall PTRS overhead maintains around 1%. However, transmission without UE specific beamforming reduces its coverage and forms different channel between DMRS and PTRS in receiver side and then it leads performance degradation of CPE estimation. Thus, for multi user within same time and frequency orthogonal PTRS would be beneficial. 

Observation 4: In multi-user MIMO, the number of PTRS ports can be considered as the number of UEs 

OFDM has been proven to be very sensitive to phase distortion due to residual frequency offset and channel variations caused by tuning oscillator inaccuracies and Doppler shifts. In a typical scenario, the frequency offset has to be estimated by using SS as well during downlink synchronization. Although frequency offset was estimated as very small by using SS, small residual frequency offset generates a constant phase inside the OFDM symbol at the FFT output. This phase gets accumulated from symbol to symbol and becomes a large phase after several OFDM symbols. PTRS can be used for tracking phase distortion due to residual carrier frequency offset and Doppler shift. In LTE, CRS can be used for tracking phase induced from Doppler effects and residual carrier frequency offset. Since large scale parameters of multi-path channel may experience the same time-characteristics, several PTRS ports should not be needed. 
In the multi-panel transmission with different oscillators, since different DMRS can be transmitted from the different panels, PTRS should be associated with DMRS from panel that has same oscillator. In the multi-TRP transmission, the relationship between the DMRS and PTRS can be dynamically changed according to the transmission schemes. Therefore, the UE has to know the relationship between the DMRS and PTRS in order to compensate the phase distortion correctly. In other words, the gNB should inform the relationship between the DMRS and PTRS to UE. For example, the QCL relationship between the DMRS and PTRS can be used for indication since the several large scale parameters of the DMRS and PTRS may have the similar property such as Doppler shift, delay spread if they share same oscillator. 

Proposal 2: NR should inform the relationship between DMRS and PTRS to UE 

Conclusions
This contribution discusses the frequency domain pattern for PTRS. The observations and proposals are as follows:
Observation 1: CPE of phase noise would become dominant rather than ICI when PTRS is allocated densely in time domain
Proposal 1: At least NR support option 1(RS mapped on every OFDM symbol) and option 2(RS mapped on every other OFDM symbol) for time domain densities for PTRS
Observation 2: ICI due to phase noise would not be negligible as carrier frequency increases
Proposal 2: PTRS pattern with frequency density of 8/16 RBs should be supported for wideband PDSCH/PUSCH transmission.
Observation 3: Different from DMRS, the number of orthogonal PTRS ports is equal or larger than the number of independent oscillators. 
Observation 4: In multi-user MIMO, the number of PTRS ports can be considered as the number of UEs 
Proposal 2: NR should inform the relationship between DMRS and PTRS to UE
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