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Introduction
During RAN1#87, RAN1 captured the following agreements regarding phase tracking RS for CP-OFDM
Agreements:
· RS for Phase tracking is denoted as PT-RS
· FFS: Naming of RS
· PT-RS supports the following for CP-OFDM: 
· Time-domain density of mapped on every other symbol and/or every symbol and/or every 4-th symbol
· FFS: Whether/how to down-select the time-domain density
· Note: Other time-domain densities of PT-RS are not precluded
· At least for UL 
· The presence of PT-RS is UE-specifically configured
· FFS: Whether implicit and/or explicit UE-specific configuration is supported
· PT-RS is confined in the scheduled time/frequency duration for a UE
· FFS: UE-specific and/or non-UE-specific and/or cell-specific for DL
· The following are to be studied for PT-RS:
· Number of PT-RS ports to be supported
· Use of precoding 
· QCL relationship with other RS, e.g., DM-RS 
· Details on frequency domain pattern(s) and/or variable frequency domain densities
· Whether PT-RS is necessary for DFT-s-OFDM waveform
· Sharing of time/frequency resource between PT-RS among UEs and/or among layers of a single UE
· Additional usage for estimating residual frequency offset and/or high-speed channel
· Possible method(s) to improve phase estimation performance from PT-RS
· E.g., using ZP/NZP PT-RS to reduce interference 
· Details of UE-specific configuration, e.g., associated with the scheduled MCS and/or BW, the number of scheduled layers, or use dedicated signaling
· Others are not precluded
· FFS whether new RS is introduced or extended DMRS is used for phase tracking

This contribution considers time and frequency pattern for PTRS. 

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. 
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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 

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. 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 term rather than ICI when PTRS is allocated densely in time domain
Table 1: EVM according to time domain density
	
	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)



Proposal 1: NR supports option 1 and option 2 as time domain pattern for PTRS

2.2 Discussion on frequency-domain pattern 
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 the effective code rate for data transmission.  
The frequency allocation of PTRS can be considered as followings: 
· Alt. 1: Shared and across full bandwidth with equal-spacing allocation
· Alt. 1-1 : With fixed density 
· Alt. 1-2 : With configurable density
· Alt. 2: Allocation within the UE allocated bandwidth with configurable density/spacing

In Alt. 1-1, PTRS can be allocated over full bandwidth with equal-spacing allocation. The number of subcarriers for PTRS can be provided in the spec. 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 2: 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, at least 7 subcarriers (e.g. 1200/192) are needed to accurately estimate CPE for wideband allocation from the results in Fig. 2 and Table 2. 

Observation 2: Considering the tradeoff between RS overhead and estimation performance, the number of subcarriers for RS can be considered less than 7 for frequency density of PTRS.

For Alt. 2, PTRS can be allocated into the UE specific RBs. In uplink, since there are several transmitters in uplink from gNB point of view, independent RS to estimate each phase noise from each UE should be allocated. It means that PTRS has to be allocated in UE-specific manner in uplink. Then the overall overhead of PTRS would be very high according to number of ports for PTRS and number of scheduled UEs. As mentioned above, PTRS for phase noise can be used only for high data throughput. However, it is hard to reach required data rate due to RS overhead when gNB doesn’t allocate UE wide band resources. 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, less number of PTRS ports should be carefully studied considering the trade-off between data rate and estimation performance.
	
Observation 3: Study further to the number of PTRS ports considering trade-off between data rate and estimation performance. (e.g. single port transmission vs. multiple ports transmission)

In downlink, the link between gNB and UE can be assumed that there is only single transmitter in UE perspective. It means that the phase noise occurred from single source. In other words, all UEs in a single gNB 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. However, in Alt 1, PTRS should be transmitted even if there is only one UE scheduled with high modulation scheme. Most UE may not be configured with high modulation scheme and then PTRS for phase noise is not needed. Thus, it is necessary to study further frequency pattern for downlink considering deployment scenario, such as number of UEs, number of antenna ports, cell coverage etc. 

Observation 4: Study further frequency pattern for downlink considering deployment scenarios

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 term rather than ICI when PTRS is allocated densely in time domain 
Proposal 1: NR supports option 1 and option 2 as time domain pattern for PTRS
Observation 2: Considering the tradeoff between RS overhead and estimation performance, the number of subcarriers for RS can be considered less than 7 for frequency density of PTRS.
Observation 3: Study further to the number of PTRS ports considering trade-off between data rate and estimation performance. (e.g. single port transmission vs. multiple ports transmission)
Observation 4: Study further frequency pattern for downlink considering deployment scenarios
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