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1
Introduction
During the RAN1#87, it has been agreed that RS for phase tracking (PT-RS) is going to be further studied in the NR context as follows [1]:
Agreements:

· 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
In this contribution we address the open items listed above and provide our recommendation on these aspects.

2
Pattern design principles
2.1 
Time-domain density of PT-RS pattern
In Figures 1a) and 1b), PT-RS patterns with time densities (T-D) of every symbol and every 2nd OFDM symbol, respectively, are shown assuming fixed frequency density (F-D=4) with one PT-RS subcarrier in every 4th resource block (RB). The impact of PT-RS pattern time density on achievable spectral efficiency (SE), considering the PT-RS overhead, has been evaluated with 60 kHz and 120 kHz subcarrier spacings (SCs) in case of rank-1 and rank-2 PDSCH transmission with R=5/6 64-QAM and R=3/4 256-QAM. The obtained results are shown in Figures 2 and 3, respectively, for the evaluation Case 2 (PN only) and Case 1 (PN and FO) in [2]. In case of continuous-in-time mapping (T-D=1), per-PDSCH-symbol common phase error (CPE) estimation and compensation is performed. In case of reduced time density pattern (T-D=1/2), the CPE is estimated from PT-RS pilots on the odd-indexed PDSCH symbols and CPE estimates for the even-indexed symbols are linearly interpolated/extrapolated based on the odd-indexed CPE estimates. The evaluation assumptions and further detailes are summarized in Table 1 in the Appendix.
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(a)                                            (b)

Figure 1. PT-RS patterns with different time-domain densities (Assuming 60 kHz SCs with 7-symbol slot structure and front-loaded DM-RS). Figure 1a): PT-RS mapped to every OFDM symbol in time (T-D=1). Figure 1b): PT-RS mapped to every 2nd OFDM symbol in time (T-D=1/2). A fixed PT-RS subcarrier spacing in frequency of 1-in-every-4 RBs is considered.
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Figure 2. Spectral efficiency of PT-RS patterns (of fixed frequency density F-D=4) with different time densities in case of phase noise – only impairment. Top-row: 60 kHz SC spacing. Bottom-row: 120 kHz SC spacing. R=5/6 64-QAM (left) and R=3/4 256-QAM (right).
[image: image7.png]Spectral efficiency [bits/s/Hz]

CDL-C 30ns, PT-RS: FD=4RBs, PN&FO, 60 KHz, 64-QAM R=5/6

—e—TD:1
—e—TD: 172

max SE wio RS-OH
max SE w RS-OH (1)
max SE w/ RS-OH (172)
—&—T.D: 1 (rank-2)
—e—T.0: 12 (rank2)




[image: image8.png]Spectral efficiency [bits/s/Hz]

CDL-C 30ns, PT-RS: FD=4RBs, PN&FO, 60 KHz, 256-QAM R=3/4

0 T T T T T T T
—e—TD:1

9 —e—TD: 12
— == max SE wio RS-OH

s — == max SE w/ RS-OH (1) 1
— == max SE w/ RS-OH (112)
—&—T.D: 1 (rank-2)

7 —e—T-D: 172 (rank-2)

6

5

i et
0 15 Eil E3





[image: image9.png]Spectral efficiency [bits/s/Hz]

CDL-C 30ns, PT-RS: FD=4RBs, PN&FO, 120 KHz, 64-QAM R=5/6

9 T
——T0 1
8 —e—TD 12
~ max SE wio RS-OH
— max SE w/ RS-OH (1)
7 —max SE w/ RS-OH (1/2)
—*—T0: 1 ank2)
s —w—TD: 112 (rank) 1
5 4
N |
3 g
2 g
1 J
o
5 10 15 2 2% EY E3 0



[image: image10.png]Spectral efficiency [bits/s/Hz]

12

10

CDL-C 30ns, PT-RS: FD=4RBs, PN&FO, 120 KHz, 256-QAM R=3/4

—e—TD:1
—e—TD: 12
— =~ max SE wio RS-OH

— == rmax SE w/ RS-OH (1)
— == rmax SE w/ RS-OH (112)
—*—TD: 1 (rank2)
—*—TD: 172 rank-2)

Eil




Figure 3 Spectral efficiency of PT-RS patterns (of fixed frequency density F-D=4) with different time densities in case of joint phase noise and frequency offset impairment. Top-row: 60 kHz SC spacing. Bottom-row: 120 kHz SC spacing. R=5/5 64-QAM (left) and R=3/4 256-QAM (right).
The obtained results for 32-RB PDSCH allocation in Figure 2 and Figure 3 show the following. In the low-to-mid SNR range, PT-RS pattern with continuous-in-time mapping (T-D=1) provides higher SE in comparison to pattern with half the density in time (T-D=1/2). Further, the theoretical maximum SE level, considering the overheads due to cyclic prefix, DM-RS and PT-RS, is slightly higher for the more sparse pattern in time because of reduced PT-RS overhead. The maximum SE level of the PT-RS pattern with density T-D=1 can be reached with both 60 kHz and 120 kHz numerologies at high SNR range in case of both MCSs studied as well as both impairment cases evaluated (PN-only and FO&PN). On the other hand, the maximum SE level of the PT-RS pattern with density T-D=1/2 can only be reached in the PN-only impairment Case 2, whereas including also frequency offset impairment (Case 1) results in a SE loss compared to that obtained with the T-D=1 pattern. Moreover, the relative performance loss with the reduced pattern density in time increases with MCS index.
Observation 1: In case of wideband 32-RB PDSCH allocation, assuming fixed F-D=4 (i.e., mapping PT-RS with frequency periodicity of 4 RBs), a time density of T-D=1 (i.e., mapping to every OFDM symbol) is required for the PT-RS pattern to achieve the maximum SE at high SNR in the evaluation Case 1 (joint PN and FO impaiment) for both 60 kHz and 120 kHz SC spacings.

2.2 
Frequency-domain density of PT-RS pattern

In Figures 4a) and 4b), PT-RS patterns with frequency densities of one-in-every-4RBs (F-D=4) and one-in-every-2RBs (F-D=2), respectively, are shown assuming fixed time density with mapping to every OFDM symbol (T-D=1). The impact of PT-RS pattern frequency density on achievable spectral efficiency, considering the PT-RS overhead, has been evaluated with 60 kHz and 120 kHz subcarrier spacings in case of rank-1 and rank-2 PDSCH transmission with R=5/6 64-QAM and R=3/4 256-QAM. The obtained results are shown in Figures 5 and 6, respectively, for the evaluation Case 2 and Case 1 in [2]. For all the patterns with different frequency densities per-PDSCH-symbol CPE estimation and compensation is performed. 
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(a)                                        (b)

Figure 4. Exemplary PT-RS patterns with different frequency-domain densities (Assuming 60 kHz SCs with 7-symbol slot structure and front-loaded DM-RS). Figure 4a): PT-RS subcarrier mapped to every 4th RB in frequency (F-D=4). Figure 4b): PT-RS mapped to every 2nd RB in frequency (F-D=2). Additionally, also other patterns with higher density in frequency (F-D=1) and lower density in frequency (F-D=8 and F-D=16) are included in the analysis. A fixed PT-RS density in time with mapping to every OFDM symbol is considered. 
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Figure 5. Spectral efficiency of PT-RS patterns (of fixed time density T-D=1) with different frequency densities in case of phase noise – only impairment. Top-row: 60 kHz SC spacing. Bottom-row: 120 kHz SC spacing. R=5/6 64-QAM (left) and R=3/4 256-QAM (right).
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Figure 6. Spectral efficiency of PT-RS patterns (of fixed time density T-D=1) with different frequency densities in case of joint phase noise and frequency offset impairment. Top-row: 60 kHz SC spacing. Bottom-row: 120 kHz SC spacing. R=5/6 64-QAM (left) and R=3/4 256-QAM (right).

The obtained results for 32-RB PDSCH allocation in Figure 5 and Figure 6 show the following. In the low-to-mid SNR range PT-RS patterns with increasing density in frequency (i.e., with decreasing F-D value) provide increasing SE due to improved CPE estimation accuracy resulting from larger sample set. Further, the theoretical maximum SE levels, considering the overheads due to cyclic prefix, DM-RS and PT-RS, are slightly higher for the more sparse patterns in frequency because of reduced PT-RS overhead. The maximum rank-1 SE levels of the PT-RS pattern with different density values F-D can be reached with both 60 kHz and 120 kHz numerologies at high SNR range in case of R=5/6 64-QAM in both impairment cases. In the case of more sensitive R=3/4 256-QAM and including also FO impairment (Case 1), the maximum rank-2 SE values of the more sparse patterns are only reached with lower F-D values (up to F-D=4), whereas higher F-D values results in increasing SE loss at high end of the SNR range. 
Observation 2: In case of wideband 32-RB PDSCH allocation, assuming fixed T-D=1 (i.e., mapping to every OFDM symbol), SE at low-to-mid SNR range improves with decreasing frequency density values F-D (as density gets higher) due to enhanced CPE estimation accuracy, whereas the maximum SE level decreases with more dense pattern in frequency as a result of higher PT-RS overhead. 
Observation 3: In case of wideband 32-RB PDSCH allocation, assuming fixed T-D=1, a PT-RS pattern with frequency density of F-D=4 provides close to the best SE over the whole SNR range. 

Observation 4: In case of wideband 32-RB PDSCH allocation, PT-RS pattern with mapping to every PDSCH-carrying OFDM symbol and with frequency density of 4 RBs, provides a good performance gain versus PT-RS overhead trade-off for both 60 kHz and 120 kHz numerologies under the joint PN and FO impairment (Case 1) model.
Proposal 1: For a wideband PDSCH allocation, a PT-RS pattern with mapping to every PDSCH-carrying OFDM symbol and with frequency density of 4 RBs should be considered for PT-RS scheduling when considered needed based on the UE’s operation point.
Similar performance evaluation was carried out assuming 4-RB allocation for PDSCH. The obtained results are shown in Figure 7 and 8 for SC spacings of 60 kHz and 120 kHz, respectively.
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 (b)

Figure 7. Spectral efficiency of PT-RS patterns with time density of T-D=1 and T-D=1/2 (on the left and right hand sides, respectively) for different frequency densities in evaluation Case 2 (top row) and Case 1 (bottom row) for 60 kHz SCs. Figure 7a): R=5/6 64-QAM. Figure 7b) R=3/4 256-QAM.
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Figure 8. Spectral efficiency of PT-RS patterns with time density of T-D=1 and T-D=1/2 (on the left and right hand sides, respectively) for different frequency densities in evaluation Case 2 (top row) and Case 1 (bottom row) for 120 kHz SCs.. Figure 8a): R=5/6 64-QAM. Figure 8b) R=3/4 256-QAM.

The obtained results for 4-RB PDSCH allocation in Figure 7 and Figure 8 show the following. Similar to the 32-RB case, the maximum rank-1 SE levels of the PT-RS patterns with continuous-in-time mapping (T-D=1) and different density values F-D can be reached with both 60 kHz and 120 kHz numerologies at high SNR range in case of R=5/6 64-QAM in both impairment. In the case of more sensitive R=3/4 256-QAM and under joint PN + FO impairment, the maximum rank-2 SE values can not be reached with a lower density in time mapping (T-D=1/2).
Observation 5: In case of narrowband 4-RB PDSCH allocation, assuming fixed T-D=1 (i.e., mapping to every OFDM symbol), SE at low-to-mid SNR range improves with decreasing frequency density values F-D (as density gets higher) due to enhanced CPE estimation accuracy, whereas the maximum SE level decreases with more dense pattern in frequency as a result of higher PT-RS overhead. 

Observation 6: In case of narrowband 4-RB PDSCH allocation, assuming fixed T-D=1, a PT-RS pattern with frequency density of F-D=2 provides close to the best SE over the whole SNR range. 

Observation 7: In case of narrowband 4-RB PDSCH allocation, PT-RS pattern with mapping to every PDSCH-carrying OFDM symbol and with frequency density of 2 RBs, provides a good performance gain versus PT-RS overhead trade-off for both 60 kHz and 120 kHz numerologies under the joint PN and FO imparment (Case 1) model.

Proposal 2: For a narrowband PDSCH allocation, a PT-RS pattern with mapping to every PDSCH-carrying OFDM symbol and with frequency density of 2 RBs should be considered for PT-RS scheduling when considered needed based on the UE’s operation point.
3
Further design aspects

3.1 
Number of PT-RS ports and sharing of time/frequency resource between PT-RS among UEs and/or among layers of a single UE
One of the central design questions agreed for further study concerns the number of antenna ports for PT-RS in case of multi-antenna transmission with potentially multiple oscillator sources. In case of multiple DMRS port transmission, straightforward assignment of the same ports for PT-RS as for DM-RS, would provide a simple solution, which however could result in overwhelming RS overhead in case of high rank transmission and multiple independent oscillators. Therefore, ways to reduce PT-RS overhead are needed in multi-antenna setups including UL-MIMO, single-TRP multi-panel and multi-TRP transmission. 

In order to quarantee robust and high-quality CPE estimation and compensation for each different oscillator source, orthogonal PT-RS resources should be allocated to different oscillator sources. The number of orthogonal PT-RS ports required depends on whether multiple DM-RS ports share the same oscillator or not. One PT-RS port per each subset group of DM-RS ports sharing the same oscillator could be assigned to derive CPE estimate per each such subset. The same CPE estimate would be valid for compensation for data on all ports belonging to the corresponding subset group. With such PT-RS port association to DM-RS port sub-groups, RS overhead in MIMO cases can be effectively reduced while maintaining good phase tracking performance for CPE mitigation. 

Observation 8: In multi-antenna scenarios such as UL-MIMO, single-TRP multi-panel and multi-TRP transmission with multiple oscillator sources, one-to-one association between PT-RS and DM-RS ports would result in high PT-RS overhead.

Observation 9: Sending PT-RS from one DM-RS port among a group of DM-RS ports sharing the same oscillator source can effectively reduce the number of orthogonal PT-RS ports required to estimate CPEs originating from different oscillator sources and lower the PT-RS overhead.

Proposal 3: Assign one DM-RS port for PT-RS transmission per each subset group of DM-RS ports sharing the same PN source. 
In case of SU-MIMO, a relatively low number of PT-RS ports should be sufficient to enable estimation of phase variations caused by independent oscillators, including the single-TRP multi-panel and multi-TRP scenarios, since the number of DM-RS port groups to which the data of a given UE would be mapped to and which would not share the oscillator, can be considered modest. Not more than 4 PT-RS ports could be visioned sufficient considering even a larger number of, say 16, DM-RS ports. Four orthogonal PT-RS ports could therefore be sufficient to support SU-MIMO operation.
In case of MU-MIMO, and especially in UL, the number of DM-RS ports associated with different oscillators could be higher. Therefore more PT-RS ports, e.g. 8, could be considered for NR MU-MIMO operation. In order to limit the PT-RS overhead, orthogonalization of PT-RS resources by means of orthogonal cover codes as well as spatial domain processing to separate among different UEs should be exploited.
Observation 10: Supporting multiplexing up to 4 and 8 orthogonal PT-RS ports, could be sufficient to support NR SU-MIMO and MU-MIMO scenarios, respectively.     
Proposal 4: Share a PT-RS port among layers of a single UE which are associated to DM-RS ports which share a common oscillator.
3.2 
Details of UE-specific configuration, e.g., associated with the scheduled MCS and/or BW, the number of scheduled layers, or use dedicated signalling. 

The details of PT-RS pattern requirements in terms of PT-RS resource mapping density in time and frequency is a current FFS study topic in RAN1. As an outcome of the related link-level evaluations, spectral efficiency results for different patterns under different UE operation point (which depends at least on carrier frequency, MCS and number of allocated RBs) assumptions will be obtained. These results may allow creation of a pre-defined set of PT-RS configurations wherein different configuration options could be associated to different operation points. The configuration of PT-RS for a given UE could then be based on selecting a specific configuration from such a pre-defined set. UE receiver could implicitly derive the information on PT-RS configuration based on knowledge on the scheduled MCS and/or bandwidth.

Another alternative is to use dedicated signalling to inform a UE receiver on the PT-RS configuration associated to its PDSCH transmission. While dedicated signalling would require some resources on PDCCH, it would offer more flexible and accurate way to convey configuration information especially in case of MU-MIMO since it could additionally contain information regarding other co-scheduled UE’s PT-RS. 
By quasi co-locating (QCL) the PT-RS port e.g. with the first DM-RS port mapped to a given UE, and by defining pre-determined reference positions in frequency of PT-RS per DM-RS port, only information on time and frequency density of PT-RS pattern would be required to determine the details of UE-specific resource mapping. In this manner, the signalling load especially in MU-MIMO case can be significantly reduced.
Observation 11: QCLed PT-RS port together with pre-determined reference positions in frequency of PT-RS per DM-RS port can reduce the dedicated signalling of UE-specific configuration details.
Regarding the open design question on whether precoded or non-precoded PT-RS should be used, we consider that PT-RS ports should share the precoding of the corresponding QCLed DM-RS ports to which they are associated to, in order to make the DM-RS based channel estimates valid reference for both data and PT-RS.
Proposal 5: Each PT-RS port should share the precoding with a QCLed DM-RS port to which it is mapped to.
3.3 
UE-specific and/or non-UE-specific and/or cell-specific for DL 

The link level evaluations, analyzing the need for PT-RS to mitigate CPE impact show that performance gain from PT-RS depends on at least the bandwidth assigned and modulation order scheduled for a UE. Furthermore, the specral efficiency results indicate that when needed the optimal PT-RS pattern details in terms of density in time and frequency depend on UE’s operation point. Consequently from the efficient system resource utilization point of view, it would be beneficial to schedule PT-RS only when the operation point of a target UE, which depends at least on carrier frequency and combination of allocated bandwith and MCS, is such that CPE can be expected to result in significant performance degradation. In our view, the design of NR PT-RS for DL needs to provide flexible PT-RS resource configurability which can be adapted based on UE’s operation point.     

Proposal 6: NR PT-RS design for DL should support UE-specific scheduling decision and configurability based on UE’s operation point. 
3.4 
Additional usage for estimating residual frequency offset and/or high-speed channel 

The PT-RS pilots can also be beneficial in estimating residual frequency offset and phase ambiguity in the received signal caused by radio channel variations. For example, in near line-of-sight (LOS) channel conditions with high UE speeds, the received signal can contain residual frequency offset components even after the Doppler shift due to line-of-sight path is completely compensated. PT-RS based phase estimation can track and be used to compensate for phase variations due to residual FO and provide further improvement in receiver performance, provided that the PT-RS pilot density in time and frequency is dense enough to track channel variations.

Figure 9 shows the spectral efficiency performance in case of R=5/6 64-QAM reception in a near LOS channel (CDL-D 10ns, K = 13.3 dB) at 30GHz carrier frequency comparing two channel estimation setups, i.e., i) front-loaded DM-RS pilots only based channel estimation and ii) front-loaded DM-RS pilots based estimation complemented with PT-RS based phase estimation (without additional means to compensate for the Doppler shift). A 32-RB PDSCH allocation and two different UE velocities, 3 km/h and 120 km/h, are considered. Neither local oscillator phase noise nor frequency offset are included as impairment sources. Other simulations parameters are along the simulation assumptions given in the Annex. Results indicate that PT-RS based phase estimation can follow the near LOS channel variations at high velocity (120 km/h) and improve the data reception performance well beyond the performance obtained with front-loaded DM-RS pilots only.

Observation 12: PT-RS pilots can additionally be beneficial in estimating residual frequency offset and phase ambiguity in the received signal caused by radio channel variations.
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Figure 9: Spectral efficiency performance with and without PT-RS based phase tracking in a near LOS channel.
4
Conclusions

The proposals and observations made in this paper are summarized as follows: 
Observation 1: In case of wideband 32-RB PDSCH allocation, assuming fixed F-D=4 (i.e., mapping PT-RS with frequency periodicity of 4 RBs), a time density of T-D=1 (i.e., mapping to every OFDM symbol) is required for the PT-RS pattern to achieve the maximum SE at high SNR in the evaluation Case 1 (joint PN and FO impaiment) for both 60 kHz and 120 kHz SC spacings.

Observation 2: In case of wideband 32-RB PDSCH allocation, assuming fixed T-D=1 (i.e., mapping to every OFDM symbol), SE at low-to-mid SNR range improves with decreasing frequency density values F-D (density gets higher) due to enhanced CPE estimation accuracy, whereas the maximum SE level decreases with more dense pattern in frequency as a result of higher PT-RS overhead. 

Observation 3: In case of wideband 32-RB PDSCH allocation, assuming fixed T-D=1, a PT-RS pattern with frequency density of F-D=4 provides close to the best SE over the whole SNR range. 

Observation 4: In case of wideband 32-RB PDSCH allocation, PT-RS pattern with mapping to every PDSCH-carrying OFDM symbol and with frequency density of 4 RBs, provides a good performance gain versus PT-RS overhead trade-off for both 60 kHz and 120 kHz numerologies under joint PN and FO impairment model.

Observation 5: In case of narrowband 4-RB PDSCH allocation, assuming fixed T-D=1 (i.e., mapping to every OFDM symbol), SE at low-to-mid SNR range improves with decreasing frequency density values F-D (density gets higher) due to enhanced CPE estimation accuracy, whereas the maximum SE level decreases with more dense pattern in frequency as a result of higher PT-RS overhead. 

Observation 6: In case of narrowband 4-RB PDSCH allocation, assuming fixed T-D=1, a PT-RS pattern with frequency density of F-D=2 provides close to the best SE over the whole SNR range. 

Observation 7: In case of narrowband 4-RB PDSCH allocation, PT-RS pattern with mapping to every PDSCH-carrying OFDM symbol and with frequency density of 2 RBs, provides a good performance gain versus PT-RS overhead trade-off for both 60 kHz and 120 kHz numerologies under joint PN and FO imparment model.

Observation 8: In multi-antenna scenarios such as UL-MIMO, single-TRP multi-panel and multi-TRP transmission with multiple phase noise sources, one-to-one association between PT-RS and DM-RS ports would result in high PT-RS overhead.

Observation 9: Sending PT-RS from one DM-RS port among a group of DM-RS ports sharing the same PN source can effectively reduce the number of orthogonal PT-RS ports required to estimate CPEs originating from different PN sources and lower the PT-RS overhead.

Observation 10: Supporting multiplexing up to 4 and 8 orthogonal PT-RS ports, could be sufficient to support NR SU-MIMO and MU-MIMO scenarios, respectively.     
Observation 11: QCLed PT-RS port together with pre-determined reference positions in frequency of PT-RS per DM-RS port can reduce the dedicated signalling of UE-specific configuration details.
Observation 12: PT-RS pilots can additionally be beneficial in estimating residual frequency offset and phase ambiguity in the received signal caused by radio channel variations.
Proposal 1: For a wideband PDSCH allocation, a PT-RS pattern with mapping to every PDSCH-carrying OFDM symbol and with frequency density of 4 RBs should be considered for PT-RS scheduling when considered needed based on the UE’s operation point.

Proposal 2: For a narrowband PDSCH allocation, a PT-RS pattern with mapping to every PDSCH-carrying OFDM symbol and with frequency density of 2 RBs should be considered for PT-RS scheduling when considered needed based on the UE’s operation point.

Proposal 3: Assign one DM-RS port for PT-RS transmission per each subset group of DM-RS ports sharing the same PN source. 
Proposal 4: Share a PT-RS port among layers of a single UE which are associated to DM-RS ports which share a common oscillator. 

Proposal 5: Each PT-RS port should share the precoding with a QCLed DM-RS port to which it is mapped to.
Proposal 6: NR PT-RS design for DL should support UE-specific scheduling decision and configurability based on UE’s operation point. 
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Appendix – Simulation Assumptions

Table 1 Simulation Assumptions 

	Parameters
	Value

	Subcarrier spacing
	60 kHz and 120 kHz

	Slot duration
	0.125 ms

	Cyclic prefix duration 
	1.19 µs and 0.6 µs for 60 kHz and 120 kHz SCs, respectively. 

	UE velocity
	3 km/h

	Carrier Frequency 
	30 GHz

	Modulation and coding rate
	64QAM R=5/6 and 256QAM R=3/4

	Channel estimation scheme
	Ideal

	CPE estimation scheme
	Based on PT-RS pilots

	Number of allocated PRBs
	4, 32

	Channel model
	CDL-C with 30ns DS 

AoD 15, AoA 45

For BF angles see 3GPP TR 38.900

	MIMO scheme:

      TRP antenna configuration

      UE antenna configuration

      Transmission rank
	(M, N, P, Mg, Ng) = (4, 8, 2, 1, 1), (dV, dH)=(0.5, 0.5)

The polarization angles are -45 and 45

(M, N, P, Mg, Ng) = (2, 4, 2, 1, 1), (dV, dH)=(0.5, 0.5)

The polarization angles are -45 and 45

Rank-1 and rank-2

	Channel coding scheme
	LTE Turbo code

	Phase noise model
	PN model of the WF proposal in [3], @30GHz

	Frequency offset model
	TRP: uniform distribution +/- 0.05 ppm

	Receiver
	MMSE


