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Introduction
For Rel-17, NR operation in 52.6 – 71 GHz [1], it was agreed that increased PTRS frequency density is not supported for CP-OFDM at least for Rel-15 PTRS pattern when the allocated number of RB > 32. 
Companies are encouraged to study whether to increase PTRS frequency density for small RB allocations for CP-OFDM for NR operation in 52.6 to 71 GHz with respect to phase noise compensation performance.
It was demonstrated in numerous contributions that PN-induced ICI compensation approaches, even with the relatively small 3-tap filters will significantly improve performance in comparison with common phase error (CPE) compensation scheme [2]. This gain is especially significant for the smaller SCS values. 
Some advanced PTRS block techniques [3] and nulling [4] or zero-padding techniques were also studied and discussed [5]. Some of them are capable of the relative improvement of the performance although it is not significant. 
However, for the baseline PTRS density values (K=2 and K=4), for a small number of RB allocated, the number of available PTRS will be low to the point that is impossible to estimate filter taps due to insufficient number of data. This is especially true in the case of the advanced PTRS schemes that require RE grouping in chunks. Thus, increasing the number of PTRS REs (and PTRS) density may improve the filter estimate and potentially lead to performance increase over CPE compensation mode. Two additional PTRS density values, K = 1 and K = 0.5 will be considered.
At the same time, Nulling PTRS allocation scheme [4] and other advanced allocations may have less computational complexity than baseline Rel-15 PTRSs with regularly distributed allocation. Analysis of the potential computational complexity gains is described in Section 4.
Simulation assumptions
In frequency domain, the PTRS density parameters K specify that PTRS resource elements are allocated every K-th resource block in frequency domain, with some pre-defined common offset from RB beginning. K=1 means allocation of the PTRS every RB (12 subcarriers) and K=0.5 should mean that two PTRSs are allocated within a single RB. In this case, for each PTRS symbol in RB, an extra PTRS symbol is placed 5 subcarriers apart from the initial one. As a result, PTRS symbols are evenly spaced across all RBs. Mapping for K=0.5, L=1 is presented in the figure below.
[image: ]
Figure 1 PTRS mapping for K=0.5, L=1. PTRSs are colored in yellow, DMRSs are colored in cyan.
An important note should be done about proper comparison of the scenarios with different K. Changing this parameter lead to change of the overhead value and thus, different amount of the available codewords. However, in our simulations we set up the amount of informational bits and total amount of allocated resources the same for compared scenarios. The difference in the overhead thus is compensated by slight adjustment of the LDPC code-rate. In such setup, an increased PTRS density that should lead to better estimation and PN compensation, may actually decrease the BLER performance due to increased overhead converted to the less robust coding rate.
The rest of the simulation assumptions and parameters are summarized in Table 1.
[bookmark: _Ref78532785]Table 1 Simulation assumptions summary
	Assumptions
	Value

	Carrier Frequency [GHz]
	60 GHz

	Subcarrier Spacing [kHz]
	PDSCH – [120, 480, 960] kHz

	Number of RB
	4, 8, 16, 32

	Channel Model
	TDL-A 10ns

	Antenna Configuration
	2x2

	Mobility
	3 km/h

	gNB TRP PN Model
	3GPP TR38.803 example 2 BS PN profile

	UE PN Model
	3GPP TR38.803 example 2 UE PN profile

	Channel Estimation
	Realistic channel estimation: Least squares fit per precoding region

	Transmission Rank
	Rank 1 SVD-based for 2x2

	DMRS Configuration
	1 DMRS symbol, no data multiplexing is assumed in DMRS symbols

	PTRS Configuration
	K = [0.5, 1, 2], L = 1

	MCS
	MCS 16, MCS 22, = 0



Simulation Results
BLER curves
Figure 2 and Figure 3 show the BLER performance for the various combinations of the PTRS density and processing algorithms. All blue curves are for K = 2, red and black are for K=1 and K=0.5 respectively. Different MCSs have different line markers – triangle for MCS 16 and round for MCS 22. Finally, solid lines represent the CPE compensation algorithm, while dashed lines are for PN ICI compensation using 3-tap filter, estimated using the LS approach (LS 3 taps, in short)
Separate sets of pictures illustrate the performance for different SCS and allocation size, as stated in the titles. Full set of available simulation results is presented in the Appendix.
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Figure 2. SCS 120, MCS 16 and 22, allocations of 4 RB (left) and 8 RB (right)

[bookmark: _Ref78553952][image: SCS480_4RB][image: SCS480_8RB]
Figure 3. SCS 480, MCS 16 and 22, allocations of 4 RB (left) and 8 RB (right)

SNR tables
A comprehensive summary of the SNR at 0.1 and 0.01 BLER levels for all presented graphs is shown in Table 2.
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	SNR(dB) at BLER 0.1
	SNR (dB) at BLER 0.01

	RB
	SCS, kHz
	Type
	K=0,5
	K=1
	K=2
	K=0,5
	K=1
	K=2

	4
	120
	CPE
	17,80
	16,20
	16,20
	21,60
	19,70
	19,60

	
	
	LS 3-TAPS
	18,10
	20,70
	-
	21,90
	-
	-

	
	480
	CPE
	16,60
	15,40
	15,50
	19,70
	18,40
	18,50

	
	
	LS 3-TAPS
	17,00
	19,10
	-
	20,20
	-
	-

	
	960
	CPE
	17,30
	16,10
	16,00
	29,00
	19,00
	18,90

	
	
	LS 3-TAPS
	17,90
	19,50
	-
	20,40
	-
	-

	8
	120
	CPE
	17,6
	15,9
	15,5
	21
	19,2
	18,8

	
	
	LS 3-TAPS
	17,3
	16,4
	19,5
	20,6
	20
	-

	
	480
	CPE
	16,5
	15,1
	14,8
	19
	17,7
	17,3

	
	
	LS 3-TAPS
	16,4
	15,6
	18,1
	18,8
	18,2
	-

	
	960
	CPE
	16,7
	15,3
	15
	19
	17,5
	17,3

	
	
	LS 3-TAPS
	16,7
	15,9
	18,4
	19
	18,1
	22

	32
	120
	CPE
	18,1
	16
	15,3
	-
	18,8
	18,2

	
	
	LS 3-TAPS
	17,1
	15,4
	15,2
	19,9
	18,2
	17,9

	
	480
	CPE
	16,4
	14,8
	14,2
	18,6
	16,8
	16,3

	
	
	LS 3-TAPS
	15,9
	14,5
	14,2
	18
	16,5
	16,3

	
	960
	CPE
	16,6
	15,2
	14,5
	18,5
	17
	16,4

	
	
	LS 3-TAPS
	16,4
	15,1
	14,7
	18,3
	16,9
	16,6




Table 3 SNR values for 0.1 and 0.01 BLER levels, MCS 16
	
	
	
	SNR(dB) at BLER 0.1
	SNR (dB) at BLER 0.01

	RB
	SCS, kHz
	Type
	K=0,5
	K=1
	K=2
	K=0,5
	K=1
	K=2

	4
	120
	CPE
	10,9
	10,2
	10,4
	14,2
	13,5
	13,7

	
	
	LS 3-TAPS
	11,6
	13,8
	-
	15,1
	18
	-

	
	480
	CPE
	10,7
	10
	10,1
	13,6
	12,8
	12,9

	
	
	LS 3-TAPS
	11,5
	13,6
	-
	14,2
	17,3
	-

	
	960
	CPE
	11,6
	10,9
	10,9
	14,4
	13,5
	13,7

	
	
	LS 3-TAPS
	12,2
	14,2
	-
	15,1
	17,9
	-

	8
	120
	CPE
	10,8
	9,9
	9,8
	14,1
	13,2
	13,2

	
	
	LS 3-TAPS
	11
	10,7
	13,3
	14,4
	14
	17,5

	
	480
	CPE
	10,4
	9,6
	9,5
	13
	12,1
	12,1

	
	
	LS 3-TAPS
	10,6
	10,4
	12,9
	13,2
	12,9
	16,8

	
	960
	CPE
	11,2
	10,2
	10
	13,4
	12,4
	12,2

	
	
	LS 3-TAPS
	11,3
	10,8
	13,4
	13,5
	13,1
	16,8

	32
	120
	CPE
	10,5
	9,6
	9,2
	13,1
	12
	11,5

	
	
	LS 3-TAPS
	10,5
	9,6
	9,4
	13
	12
	11,8

	
	480
	CPE
	10,2
	9,2
	8,8
	12,2
	11,3
	10,9

	
	
	LS 3-TAPS
	10,1
	9,3
	9,1
	12,1
	11,3
	11,1

	
	960
	CPE
	11
	9,9
	9,5
	12,8
	11,7
	11,3

	
	
	LS 3-TAPS
	10,9
	10
	9,7
	12,8
	11,8
	11,5


Observations
Comparing the curves for different combinations of PTRS parameters and SCS, the following can be observed:
The PN ICI compensation algorithms that require even 3-tap filter estimation do not function properly in the case when number of PTRSs is close to the number of taps. At the same time, performance of the CPE approach is not degraded.
Increasing of PTRS density for the case of small (4-16 RBs) allocations still not provide enough observation points for proper filter estimation and thus, de-ICI filtering is less efficient than CPE.
Considering the CPE algorithm, increasing of the PTRS density do not provide any significant improvement – in the several cases K=1 may be better than K=2 by 0.1 dB, in most cases there is no improvement at all. 
Very high density K=0.5 do not provide any BLER improvement in comparison with K=2 since the increased overhead is compensated by the code rate.
As a conclusion, based on the obtained results the following can be stated:
For all considered small RB allocation cases (4, 8, 16, 32), optimal performance is achieved with CPE compensation algorithm for K=2, and in some cases CPE compensation for K=1 shows similar performance (e.g. 4 RBs).
Using smaller value of K can lead to performance increase in case of ICI compensation, but in case of CPE compensation, smaller K values lead to a decrease in performance. 
Unlike wider bandwidth allocations, using LS with 3 taps filtering to compensate ICI leads to decrease in performance in comparison with CPE compensation.
[bookmark: _Ref78813906]Computational complexity analysis
Nulling scheme
The key idea of different contiguous allocation schemes is isolation of the subcarriers used for PN estimation from the parasitic ICI influence from the unknown data subcarriers. However, such clustering may not be desirable in the frequency selective channels and this effect limits contiguous scheme’s performance. In the proposed Nulling scheme [3], we try to keep robustness and scalability of distributed allocations and have some PTRSs isolated from the unknown data influence by nulling adjacent subcarriers. Active PTRS subcarriers may get appropriate power boost, to have total power the same as baseline case. 
Although simulation analysis have shown that such do not give significant performance boost and improve BLER by 0.1-0.2 dB only, nulling of the subcarriers leads to the decrease in complex multiplications operations required for filter coefficient estimation.

.
Figure 4 Nulling PTRS allocation
Complexity evaluation
Computation complexity comparison of the considered algorithms may be done by calculating the number of complex multiplications required for each algorithm. It is assumed that matrix inversion requires the number of multiplications roughly equal to N^3, while other matrix operations are performed in optimal order. Similar results were presented in [4]. 
The direct de-ICI filtering approach [1] is based on the following matrix representation of the signal:
,

, where P = number of PTRSs, T = number of filter taps, equal to 2*u+1, Y: [P x T] matrix and X: [P x 1] vector
LS estimator: 
T*P*T + T*T + T*P + P = T2*(P+1) + P*(T+1) multiplications
The calculation assumed to be optimal, with right to left multiplication order. The last member in the sum with P multiplications stands for  operation.
Matrix inversion: [T x T] ~ T3 multiplications
Filtering operation: nRE * T multiplications
LS + Nulling:

First part calculated as usual, since it is received signal with ICI terms at the nulled subcarriers
Second part  contains only 1/3 non-zero elements and thus having 1/3 complex multiplications
T*P*T + T*T + T*P + P = T2*(P+1) + P*(T+1)/3 multiplications
Table 4 shows the number of the complex multiplication required to apply corresponding algorithm, last two columns contain percentage comparison with respect to the base LS scheme.
A number of operations required for application of the filter to the received data is shown in a separate column, but also included in the total.
[bookmark: _Ref78820747]Table 4 Computational complexity analysis: number of complex multiplications
	RB
number
	PTRS
K
	Filter
Taps
	RE
number
	PTRS
number
	Number of complex multiplications






	
	
	
	
	
	De-ICI filtering
	LS filter
 estimation
	LS+Nulling
estimation
	LS, total
	LS+Nulling,
total
	[bookmark: _GoBack]LS+Nulling,
% w/r LS

	256
	2
	3
	3072
	128
	9216
	1700
	1359
	10916
	10575
	-3%

	64
	2
	3
	768
	32
	2304
	452
	367
	2756
	2671
	-3%

	32
	2
	3
	384
	16
	1152
	244
	201
	1396
	1353
	-3%

	16
	2
	3
	192
	8
	576
	140
	119
	716
	695
	-3%

	8
	2
	3
	96
	4
	288
	88
	77
	376
	365
	-3%

	256
	4
	3
	3072
	64
	9216
	868
	697
	10084
	9913
	-2%

	64
	4
	3
	768
	16
	2304
	244
	201
	2548
	2505
	-2%

	32
	4
	3
	384
	8
	1152
	140
	119
	1292
	1271
	-2%

	16
	4
	3
	192
	4
	576
	88
	77
	664
	653
	-2%

	256
	4
	7
	3072
	64
	21504
	4040
	3699
	25544
	25203
	-1%

	64
	4
	7
	768
	16
	5376
	1304
	1219
	6680
	6595
	-1%

	32
	4
	7
	384
	8
	2688
	848
	805
	3536
	3493
	-1%

	16
	4
	7
	192
	4
	1344
	620
	599
	1964
	1943
	-1%

	8
	2
	7
	96
	4
	672
	620
	599
	1292
	1271
	-2%


Observations
· For the LS algorithms, the complexity of the filter taps estimations relatively small and main computational load comes from frequency domain convolution operation, which consists of #taps multiplications for each RE. For example, for 3-tap filtering and 256 RB allocated, with PTRS density K = 4, the complexity of filter taps estimations is only 9% of total number of complex multiplications.
· Nulling PTRS scheme provides some complexity improvement due to zeros on part of the PTRSs, but the overall gain is not significant mainly due to large contribution of filtering operation
Conclusion
· Based on the performed evaluation research, we suggest that additional support for PTRS parameter K values K=0.5 and 1 is not required, as those configurations do not provide enough of a performance increase, or provide such in minor amounts in very specific situations.
· Complexity analysis of the de-ICI filtering approaches has shown that the main contribution to the overall number of operations comes from the application of the filter and not from the taps estimation procedure. Thus, for the advanced Nulling (zero-padded) PTRSs scheme, the computation gain with respect to the baseline Rel-15 typically less than 3%.
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Appendix
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Figure 5. 4 RB Allocations for SCS 120-960 kHz
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Figure 6. 8 RB Allocations for SCS 120-960 kHz
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Figure 7. 16 RB Allocations for SCS 120-960 kHz
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Figure 8. 32 RB Allocations for SCS 120-960 kHz
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