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[bookmark: _Toc477947877]Introduction
In RAN1#88, the following agreement was made: 
· Presence/patterns of PT-RS are configured by a combination of RRC signaling and association with parameter(s) used for other purposes (e.g., MCS) which are (dynamically) indicated by DCI.
· Whether PT-RS can be present or not depends on RRC configuration. 
· When configured, the dynamic presence is associated with DCI parameter(s) including at least MCS
· FFS: Time domain density is associated with dynamic configuration by MCS. 
· When present, frequency domain density is associated with at least dynamic configuration of the scheduled BW.
· FFS: Frequency domain density is associated with dynamic configuration by MCS. 
· FFS: Frequency-domain pattern design supports both frequency-localized and frequency-distributed allocation of PT-RS subcarriers.
· Other association factors/rules are not precluded.
· Usage of PT-RS, e.g. CFO/Doppler correction, is not precluded, pattern/signaling for this use case can be different

In this contribution, we discuss different aspects related with the design of the Phase Tracking Reference Signal (PTRS) for DL, used to estimate and compensate for phase noise related errors. First, the phase noise model used for the evaluations is described. Next, results regarding the best PTRS time/frequency density and distribution for different cases are presented. Finally, we present results for PTRS port mapping, showing which is the preferred one.
[bookmark: _Toc477947878]New phase noise model
For the correct design of the PTRS it is very important to use a realistic phase noise model for the evaluations. In this contribution, we use the phase noise model proposed in [1] for a UE at mm-Wave frequencies. This model has been empirically validated, as shown in [1]. In Figure 1 the Power Spectral Density (PSD) for the mentioned model is shown for 30 GHz carrier frequency. In this contribution, we use this model also for the gNB oscillators.  
We also recommend RAN1 to use the model [1] in future evaluations with phase noise due to the validity as is discussed further in [1].
[bookmark: _Toc478113654][bookmark: _Toc478113732][bookmark: _Toc478116169][bookmark: _Toc478128902][bookmark: _Toc478137451]It is recommended that RAN1 use the phase noise model [1] in future evaluations.
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[bookmark: _Ref477790947]Figure 1. UE Phase noise model [1] for carrier frequency 30 GHz.
[bookmark: _Ref178064866][bookmark: _Toc477947879]Discussion
Phase noise produced in the local oscillators produces an important degradation at mm-Wave frequencies. On the one hand, it produces the Common Phase Error (CPE), which leads to an identical rotation of the received symbol in each subcarrier. On the other hand, it produces Inter-Carrier Interference (ICI), which is a loss of the orthogonality between the subcarriers. In [2], the degradation produced by CPE is observed to dominate over the ICI. Therefore, our discussion will mainly focus on using the PTRS for CPE estimation and correction. 
It should also be mentioned that PTRS could also be used for fine frequency offset estimation, but the requirements for frequency offset estimation are different and may be better served by a separate reference signal. The discussion on additional use of PTRS for other purposes will be discussed under the tracking agenda point [3] and not further discussed in this contribution which focus on phase noise issues.
[bookmark: _Toc477947880]PTRS time density
One of the fundamental aspects on the PTRS design is its density in the time domain. It was shown in [2] that the phase rotation produced by CPE is not completely uncorrelated for consecutive OFDM symbols. Thus, using a non -continuous PTRS signal in time domain with interpolation between different phase estimation could offer good results in some scenarios due to lower overhead. In Figure 2 we propose to investigate three different time PTRS patterns with different time densities, with PTRS every, every second and every fourth OFDM symbol.  
In Figure 3 and Figure 4 we show the evaluation results at 30 GHz carrier frequency for the 3 proposed PTRS time densities, using different MCS, with subcarrier spacing 60 and 120 kHz. For patterns 2 and 4 linear interpolation between the different phase estimations has been used. In this section we assume that PTRS frequency density is 1 PTRS each 2 PRB, i.e., 1 sub-carrier with PTRS each 24 sub-carriers. The evaluation assumptions can be found in Table 1 in Appendix 6. 
In the evaluation results we can observe that the best time density selection for PTRS is dependent on MCS. For high order MCS, pattern 1 is the one with best performance, while for medium order MCS, pattern 4 is the preferred one. However, for medium order MCS the performance is very similar for the different patterns. Therefore, using pattern 1 even for medium order MCS does not degrade the performance of the system and simplifies the RS signal design. So, when PTRS is present, it should use the densest pattern in time domain, pattern 1.
[bookmark: _Toc477948641][bookmark: _Toc477948744][bookmark: _Toc477949097][bookmark: _Toc477949139][bookmark: _Toc477949185][bookmark: _Toc477949208][bookmark: _Toc477949438][bookmark: _Toc477949521][bookmark: _Toc477949557][bookmark: _Toc477949577][bookmark: _Toc477949622][bookmark: _Toc478024657][bookmark: _Toc478024844][bookmark: _Toc478026575][bookmark: _Toc478027560][bookmark: _Toc478027682][bookmark: _Toc478027831][bookmark: _Toc478039921][bookmark: _Toc478039942][bookmark: _Toc478050224]The preferred time density for PTRS is dependent on MCS.
[bookmark: _Toc478026576][bookmark: _Toc478027561][bookmark: _Toc478027683][bookmark: _Toc478027832][bookmark: _Toc478039922][bookmark: _Toc478039943][bookmark: _Toc478050225]Time density of 1 PTRS every OFDM symbol offers good performance for the different MCS (even it is not the best one) and low complexity for the PTRS design.
[bookmark: _Toc478026583][bookmark: _Toc478027568][bookmark: _Toc478027690][bookmark: _Toc478027839][bookmark: _Toc478039930][bookmark: _Toc478039951][bookmark: _Toc478050233][bookmark: _Toc478113655][bookmark: _Toc478113733][bookmark: _Toc478116170][bookmark: _Toc478128903][bookmark: _Toc477949050][bookmark: _Toc477949104][bookmark: _Toc477949146][bookmark: _Toc477949192][bookmark: _Toc477949215][bookmark: _Toc477949445][bookmark: _Toc477949528][bookmark: _Toc477949564][bookmark: _Toc477949584][bookmark: _Toc477949629][bookmark: _Toc477949682][bookmark: _Toc478024665][bookmark: _Toc478024852][bookmark: _Toc478137452]When PTRS is present, NR should use PTRS in every OFDM symbol.
[bookmark: _Toc477949051][bookmark: _Toc477949105][bookmark: _Toc477949147][bookmark: _Toc477949193][bookmark: _Toc477949216][bookmark: _Toc477949446][bookmark: _Toc477949529][bookmark: _Toc477949565][bookmark: _Toc477949585][bookmark: _Toc477949630][bookmark: _Toc477949683][bookmark: _Toc478024666][bookmark: _Toc478024853][bookmark: _Toc478026584][bookmark: _Toc478027569][bookmark: _Toc478027691][bookmark: _Toc478027840][bookmark: _Toc478039931][bookmark: _Toc478039952][bookmark: _Toc478050234][bookmark: _Toc478113656][bookmark: _Toc478113734][bookmark: _Toc478116171][bookmark: _Toc478128904][bookmark: _Toc478137453]At least for carrier frequencies above 30 GHz and MCSs higher than 16QAM and code rate 0.75, PTRS should be present.
The results also show that the MCS threshold to enable PTRS seem to depend on the SCS, which is natural. Hence, RAN1 should further discuss how to handle this without introducing unnecessary complexity in specifications and lengthy discussions on how to decide on the MCS, bandwidth and SCS dependence. One possibility is to revert the agreement and have a “PTRS flag” in the DCI format.  
[bookmark: _Toc478113657][bookmark: _Toc478113735][bookmark: _Toc478116172][bookmark: _Toc478128905][bookmark: _Toc478137454]Discuss further how to specify the PTRS presence dependence on MCS and SCS.
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[bookmark: _Ref477792207]Figure 2. Proposed time domain patterns for PTRS.
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[bookmark: _Ref477792517]Figure 3. Simulation results for different MCS and different PTRS time densities for carrier frequency 30 GHz, subcarrier spacing 60 kHz, 100 ns delay spread, and 32 PRB.
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[bookmark: _Ref477792530]Figure 4. Simulation results for different MCS and different PTRS time densities for carrier frequency 30 GHz, subcarrier spacing 120 kHz, 100 ns delay spread, and 32 PRB.
[bookmark: _Toc477947881]Localized PTRS vs distributed PTRS in the frequency domain
The PTRS distribution in the frequency domain is one of the aspects to be studied. Two main options have been proposed. On the one hand, distributed PTRS among the frequency domain (which is shown in Figure 5-a).  On the other hand, localized PTRS (which shown in Figure 5-b). The main advantage of localized PTRS is that allows to perform CPE and ICI correction (and distributed PTRS only allows CPE correction). However, ICI does not produce significant degradation for carrier frequencies below 40 GHz, as shown in [2]. Moreover, localized PTRS is less robust against frequency selective channels. 
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[bookmark: _Ref477860268]Figure 5. Distributed vs Localized PTRS.
[bookmark: _Toc477947882]PTRS frequency density
Another important aspect to consider in the PTRS design is its density in frequency domain. High frequency density for PTRS will lead to a better phase estimation, however it will have a higher overhead that will worsen the performance in terms of throughput. A compromise between accuracy in the phase estimation and overhead should be taken to get a good performance. Moreover, additional processing gain can also be achieved through more advanced receiver design, including multi-antenna processing for multi-layer transmissions. Hence the conclusions in this section will favour quite high density. In this section we focus on distributed PTRS in the frequency domain.
In Figure 6 to Figure 11 we show the evaluation results for different PTRS frequency densities for 2, 4, 8, 16, 32 and 64 PRB scheduled bandwidth. Each simulation has been performed for two different MCS, 16QAM(3/4) and 64QAM(5/6). PTRS time pattern 1 has been used in both cases and the simulation assumptions in Table 1 in Appendix 6. From the results it can be observed that the best PTRS frequency density for each case is dependent on the MCS and the scheduled bandwidth. Low order MCS require low density in the frequency domain. Also, when the scheduled bandwidth increases the frequency density can be decreased.
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[bookmark: _Toc478039926][bookmark: _Toc478039947][bookmark: _Toc478050229]High order MCS require high PTRS frequency densities and low order MCS require low PTRS frequency density.
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[bookmark: _Ref477855754]Figure 6. Simulation results for different MCS and different PTRS freq. densities for carrier frequency 30 GHz, subcarrier spacing 60 kHz, 100 ns delay spread, and 2 PRB.
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Figure 7. Simulation results for different MCS and different PTRS freq. densities for carrier frequency 30 GHz, subcarrier spacing 60 kHz, 100 ns delay spread, and 4 PRB.
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Figure 8. Simulation results for different MCS and different PTRS freq. densities for carrier frequency 30 GHz, subcarrier spacing 60 kHz, 100 ns delay spread, and 8 PRB.
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Figure 9. Simulation results for different MCS and different PTRS freq. densities for carrier frequency 30 GHz, subcarrier spacing 60 kHz, 100 ns delay spread, and 16 PRB.
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Figure 10. Simulation results for different MCS and different PTRS freq. densities for carrier frequency 30 GHz, subcarrier spacing 60 kHz, 100 ns delay spread, and 32 PRB.
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[bookmark: _Ref477855762]Figure 11. Simulation results for different MCS and different PTRS freq. densities for carrier frequency 30 GHz, subcarrier spacing 60 kHz, 100 ns delay spread, and 64PRB.

[bookmark: _Toc477947883]Orthogonal vs Non-Orthogonal PTRS port mapping
In this section we discuss the PTRS port mapping. For SU-MIMO, three different PTRS port mapping schemes can be used:
a) Orthogonal mapping, with PTRS only in 1 of the ports.
b) Orthogonal mapping, with PTRS in every port.
c) Non-orthogonal mapping, with PTRS only in 1 port.
In Figure 12 an example of the previous schemes is showed for the case of SU-MIMO with 2 ports. Schemes a) and b) use orthogonal mapping for different ports. In this case the accuracy of the phase estimation obtained with PTRS is higher than the one in scheme c), in which the interfering data decreases the accuracy of the phase estimation. However, scheme c) is the one with lowest overhead, followed by scheme a). 
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a)  Orthogonal map, PTRS in 1 layer
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b)  Orthogonal map, PTRS in every layer
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c)  Non-orthogonal map, PTRS in 1 layer


[bookmark: _Ref477883123][bookmark: _Ref477883112]Figure 12. Reference Signal distribution for SU-MIMO with two ports different port mapping for PTRS.
In Figure 13 the evaluation results for the three different port mapping schemes are shown for 16QAM(3/4) and 64QAM(3/4) when ideal phase estimation is used. For the simulations, PTRS time pattern 1 and a frequency density of 1 PTRS subcarrier every four PRB has been used. The simulations assumptions are shown in Table 2 in Appendix 6. It can be seen how in the case with ideal phase estimation scheme c) is the one with best performance (due to its low overhead). However, the performance for the three proposed schemes is very similar. Moreover, due to the interference, scheme c) has a very bad performance when practical phase estimation is used (as we will see next). 
In Figure 14 the evaluation results for the three different port mapping schemes are shown for 16QAM(3/4) and 64QAM(3/4) when practical phase estimation is used. Also, we have included the results for scheme c) with interference suppression before the phase estimation (which will improve the accuracy of the phase estimation). The same evaluation assumptions than in Figure 13 have been taken. 
From the plotted results it can be observed that when practical phase estimation is used, scheme c) has a bad performance, because the interference highly degrades the phase estimation accuracy. When using interference suppression with scheme c), the performance improves significantly. However, the performance with the schemes with orthogonal port mapping is still much better. Finally, scheme a) offers a better performance than scheme b) due to its lower overhead. If comparing Figure 13 and Figure 14, the practical phase estimation with scheme a) gives a very similar performance to the case in which ideal phase estimation is used. Therefore, scheme a) is the best option for PTRS port mapping because of its high accuracy in the phase estimation (without requiring any complex interference cancellation scheme).
[bookmark: _Toc477948645][bookmark: _Toc477948748][bookmark: _Toc477949101][bookmark: _Toc477949143][bookmark: _Toc477949189][bookmark: _Toc477949212][bookmark: _Toc477949442][bookmark: _Toc477949525][bookmark: _Toc477949561][bookmark: _Toc477949581][bookmark: _Toc477949626][bookmark: _Toc478024848][bookmark: _Toc478026580][bookmark: _Toc478027565][bookmark: _Toc478027687][bookmark: _Toc478027836][bookmark: _Toc478039927][bookmark: _Toc478039948][bookmark: _Toc478050230]When using Non-orthogonal PTRS port mapping between PTRS and data, the phase estimation accuracy is severely degraded, producing a significant degradation on the performance.
[bookmark: _Toc477948646][bookmark: _Toc477948749][bookmark: _Toc477949102][bookmark: _Toc477949144][bookmark: _Toc477949190][bookmark: _Toc477949213][bookmark: _Toc477949443][bookmark: _Toc477949526][bookmark: _Toc477949562][bookmark: _Toc477949582][bookmark: _Toc477949627][bookmark: _Toc478024849][bookmark: _Toc478026581][bookmark: _Toc478027566][bookmark: _Toc478027688][bookmark: _Toc478027837][bookmark: _Toc478039928][bookmark: _Toc478039949][bookmark: _Toc478050231]Even in the case in which interference cancellation algorithms are used, the performance of Non-orthogonal port mapping is worse than the one for Orthogonal case.
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[bookmark: _Toc477949075][bookmark: _Toc477949129]An important observation is related with the SNR in each port and to which port PTRS is mapped. To get an accurate phase estimation PTRS must be mapped to the port with highest SNR. In the case of scheme b), the difference in the performance with respect to scheme a) in Figure 14 is produced because the phase estimation in the port with lower SNR for scheme b) has low accuracy. It is also significant that with scheme c) the received codeword has more data symbols in the port with lower SNR (if PTRS is mapped in the port with higher SNR), which can have a negative impact in the channel coding.
[bookmark: _Toc478116181][bookmark: _Toc478128914][bookmark: _Toc477949076][bookmark: _Toc477949130][bookmark: _Toc477949171][bookmark: _Toc477949205][bookmark: _Toc477949228][bookmark: _Toc477949455][bookmark: _Toc477949538][bookmark: _Toc477949574][bookmark: _Toc477949594][bookmark: _Toc477949639][bookmark: _Toc477949692][bookmark: _Toc477960910][bookmark: _Toc478024862][bookmark: _Toc478026593][bookmark: _Toc478027578][bookmark: _Toc478027700][bookmark: _Toc478027849][bookmark: _Toc478039940][bookmark: _Toc478039961][bookmark: _Toc478050243][bookmark: _Toc478113666][bookmark: _Toc478113744][bookmark: _Toc478137463][bookmark: _Toc477949077][bookmark: _Toc477949131][bookmark: _Toc477949172][bookmark: _Toc477949206][bookmark: _Toc477949229][bookmark: _Toc477949456][bookmark: _Toc477949539][bookmark: _Toc477949575][bookmark: _Toc477949595][bookmark: _Toc477949640][bookmark: _Toc477949693][bookmark: _Toc477960911][bookmark: _Toc478024863][bookmark: _Toc478026594]If possible, PTRS should be scheduled in the port with best SNR, to provide accurate phase estimation. 
[bookmark: _Toc478116182][bookmark: _Toc478128915][bookmark: _Toc478137464][bookmark: _Ref477939986]Figure 13. Different PTRS port mapping for 2 port transmission with ideal phase estimation.
[bookmark: _Ref477940784]Figure 14. Different PTRS port mapping for 2 port transmission with practical phase estimation.



[bookmark: _Toc477949078][bookmark: _Toc477949132]For MU-MIMO with spatial multiplexing, even if we use non-orthogonal mapping of PTRS for different UE, the phase estimation accuracy can be kept (because the inference level is reduced by the spatial multiplexing). In this case, the channel estimation and spatial interference filtering derived from the DMRS can be reused for PTRS reception without needing to estimate this on the PRTS.
[bookmark: _Toc477949079][bookmark: _Toc477949133][bookmark: _Toc477949173][bookmark: _Toc477949207][bookmark: _Toc477949230][bookmark: _Toc477949457][bookmark: _Toc477949540][bookmark: _Toc477949576][bookmark: _Toc477949596][bookmark: _Toc477949641][bookmark: _Toc477949694][bookmark: _Toc477960912][bookmark: _Toc478024864][bookmark: _Toc478026595][bookmark: _Toc478027579][bookmark: _Toc478027701][bookmark: _Toc478027850][bookmark: _Toc478039941][bookmark: _Toc478039962][bookmark: _Toc478050244][bookmark: _Toc478113667][bookmark: _Toc478113745][bookmark: _Toc478116183][bookmark: _Toc478128916][bookmark: _Toc478137465]For MU-MIMO non orthogonal allocation between PTRS and data for different users is supported.
[bookmark: _Toc477947884]Conclusions
Based on the discussion in this contribution we propose the following:
Proposal 1	It is recommended that RAN1 use the phase noise model [1] in future evaluations.
Proposal 2	When PTRS is present, NR should use PTRS in every OFDM symbol.
Proposal 3	At least for carrier frequencies above 30 GHz and MCSs higher than 16QAM and code rate 0.75, PTRS should be present.
Proposal 4	Discuss further how to specify the PTRS presence dependence on MCS and SCS.
Proposal 5	If present, NR should use distributed PTRS for carrier frequencies below 40 GHz.
Proposal 6	In NR if PTRS is configured, its frequency domain density is dynamically depending on the scheduled bandwidth and scheduled MCS.
Proposal 7	For SU-MIMO, support orthogonal port mapping for PTRS with PTRS in only one of the ports.
Proposal 8	If possible, PTRS should be scheduled in the port with best SNR, to provide accurate phase estimation.
Proposal 9	For MU-MIMO non orthogonal allocation between PTRS and data for different users is supported.
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0. [bookmark: _Toc477947887]Simulation assumptions
	Parameter
	Value

	Channel Model
	TDL-A

	Transmission Slot Length
	14 symbols

	UE speed
	3km/h

	Delay spread
	100 ns

	Link Adaptation
	Disabled

	Tx Scheme
	Single antenna transmission scheme (1 port)

	Rx Scheme
	Single antenna transmission scheme (1 port)

	Phase noise model
	As proposed in R4-1701165 applied on both BS and UE

	Number of ports
	1

	Channel estimation
	Practical LMMSE channel estimation using front loaded RS pattern

	Phase estimation
	Practical phase estimation
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	Parameter
	Value

	Channel Model
	TDL-A

	Transmission Slot Length
	14 symbols

	UE speed
	3km/h

	Delay spread
	100 ns

	Link Adaptation
	Disabled

	Tx Scheme
	2 antenna transmission scheme (2 port)

	Rx Scheme
	2 antenna transmission scheme (2 port)

	Phase noise model
	As proposed in R4-1701165 applied on both BS and UE,     with uncorrelated phase noise for different antenna ports

	Number of layers
	2

	Channel estimation
	Practical LMMSE channel estimation using front loaded RS pattern


[bookmark: _Ref478115893]Table 2. Simulation assumptions 2

















	10/11	
image3.png
70

60

50

Throughput [Mbits/s]

20

—5—PN ON, PTRS pattern 1
—+—PN ON, PTRS pattern 2
——PN ON, PTRS pattern 4
—&—PN ON, PTRS OFF

20
SNR [dB]

40




image4.png
70

60

50

Throughput [Mbits/s]

20

—5—PN ON, PTRS pattern 1
—+—PN ON, PTRS pattern 2
—s—PN ON, PTRS pattern 4
—e—PN ON, PTRS OFF

40

20
SNR [dB]




image5.png
Throughput [Mbits/s]

80

60

40

20

—5—PN ON, PTRS pattern 1
—+—PN ON, PTRS pattern 2
—6—PN ON, PTRS pattern 4
——PN ON, PTRS OFF

20 25 a0
SNR(0B]

35 40




image6.png
Throughput [Mbits/s]

8

—5—PN ON, PTRS pattern 1
—+—PN ON, PTRS pattern 2
—s—PN ON, PTRS pattern 4
——PN ON, PTRS OFF

a0

20

30 35

SNR(0B]

40




image7.png
Throughput [Mbits/s]

00

EY

60

a0

20

—5—PN ON, PTRS pattern 1
—+—PN ON, PTRS pattern 2
—o—PN ON, PTRS pattern 4
——PN ON, PTRS OFF

20
SNR(0B]

40




image8.png




image9.png
@ PTRS
I DMRS




image10.png




image11.png
Throughput [Mbits/s]

35

05

5 10 15

—5—PN ON, 1 PTRS every PRB
—+~PNON, 1 PTRS every 2 PRB

20
SNR [dB]

25

30

35

40




image12.png
Throughput [Mbits/s]

—5—PN ON, 1 PTRS every PRB

—+~PNON, 1 PTRS every 2 PRB

——~PN ON, 1 PTRS OFF

20
SNR [dB]

40




image13.png
Throughput [Mbits/s]

—5—PN ON, 1 PTRS every PRB
—+—PN ON, 1 PTRS every 2 PRB
—s—PN ON, 1 PTRS every 4 PRB
—&—PN ON, PTRS OFF

20 25 30
SNR [dB]

35 40




image14.png
Throughput [Mbits/s]

~>—PN ON, 1PTRS every PRB
8 ~+~PNON, 1 PTRS every 2PRB

—%—PN ON, 1 PTRS every 4 PRB
7 —o—PN ON, PTRS OFF

5 10 15 20 25 a0
SNR(0B]

35 40




image15.png
Throughput [Mbits/s]

—>—PN ON, 1 PTRS every PRB
—+—PN ON, 1 PTRS every 2PRB
—s—PN ON, 1 PTRS every 4 PRB
——PN ON, 1 PTRS every 8 PRB
—e—PN ON, PTRS OFF

20 25 a0 35
SNR(0B]

40




image16.png
Throughput [Mbits/s]

16 —5—PN ON, 1 PTRS every PRB

~+—PN ON, 1 PTRS every 2 PRB
14 ——PN ON, 1 PTRS every 4 PRB
——PN ON, 1 PTRS every 8 PRB
—o—PN ON, PTRS OFF

5 10 15 20 25
SNR(0B]

30

35 40




image17.png
Throughput [Mbits/s]

20

25

20

—5—PN ON, 1 PTRS every PRB
~+—PN ON, 1 PTRS every 2 PRB
—s—PN ON, 1 PTRS every 4 PRB
——PN ON, 1 PTRS every 8 PRB
~=~PN ON, 1 PTRS every 16 PRB
—o—PN ON, PTRS OFF

20 25 a0 35 a0
SNR(0B]




image18.png
Throughput [Mbits/s]

£

30

25

—>—PN ON, 1 PTRS every PRB
—+~PNON, 1 PTRS every 2 PRB
—s—PN ON, 1 PTRS every 4 PRB
——PN ON, 1 PTRS every 8 PRB
~=—PN ON, 1 PTRS every 16 PRB
—&—PN ON, PTRS OFF

SNR(0B]

40




image19.png
Throughput [Mbits/s]

60

50

40

20

20

—>—PN ON, 1 PTRS every PRB.
PN ON, 1 PTRS every 2 PRB
—~o—PN ON, 1 PTRS every 4 PRB
—+—PN ON, 1 PTRS every 8 PRB
~=—PN ON, 1 PTRS every 16 PRB
~~~PNON, 1 PTRS every 32 PRB
—&—PN ON, PTRS OFF

20 25 a0 35 a0
SNR(0B]




image20.png
Throughput [Mbits/s]

70

60

50

20

—5—PN ON, 1 PTRS every PRB
~+~PNON, 1 PTRS every 2 PRB
~o—PN ON, 1 PTRS every 4 PRB

——PN ON, 1 PTRS every 8 PRB
—=—PN ON, 1 PTRS every 16 PRB
~=~PNON, 1PTRS every 32 PRB
—o—PN ON, PTRS OFF

SNR(0B]

40




image21.png
Throughput [Mbits/s]

80

60

40

20

—5—PN ON, 1 PTRS every PRB
—+—PN ON, 1 PTRS every 2 PRB
—=—PN ON, 1 PTRS every 4 PRB
——PN ON, 1 PTRS every 8 PRB
—=—PN ON, 1 PTRS every 16 PRB
-~ PN ON, 1 PTRS every 32 PRB
—<—PN ON, 1 PTRS every 64 PRB
—5—PN ON, PTRS OFF

20 25 a0 35 a0
SNR(0B]




image22.png
Throughput [Mbits/s]

80

—>—PN ON, 1 PTRS every PRB
—+~PN ON, 1 PTRS every 2 PRB
—s—PN ON, 1 PTRS every 4 PRB
——PN ON, 1 PTRS every 8 PRB
—=~PN ON, 1 PTRS every 16 PRB
=~ PNON, 1 PTRS every 32 PRB
—*—PN ON, 1 PTRS every 64 PRB
—e—PN ON, PTRS OFF

60

40

20

SNR(0B]

40




image23.png
MovrspPt [l DVRsP2 [ DATA
[OrmRsP1 [JPRSP2 [ NULL




image24.png




image25.png




image26.png




image27.png




image28.png




image29.png
Throughput [Mbits/s]

100

£y

80

7

60

50

40

30

20

—S— 160AM(3/4), scheme a)
G- 64QAM(3/4), scheme a)
—— 16QAM(3/4), scheme b)
- 64QAM(3/4), scheme b)
|—+— 16QAM(3/4), scheme c)
—+ 64QAM(3/4), scheme c)

5 10 15 20 2
SNR [dB]

30

35

a0




image30.png
Throughput [Mbits/s]

100

£y

80

7

60

50

40

30

20

—S— 160AM(3/4), scheme a)
G- 64QAM(3/4), scheme a)
—— 16QAM(3/4), scheme b)
- 64QAM(3/4), scheme b)
|—+— 16QAM(3/4), scheme c)
—+ 64QAM(3/4), scheme c)

5 10 15 20 2
SNR [dB]

30

35

a0




image31.png
Throughput [Mbits/s]

100 | 2~ 160AM3/4), scheme a)
G- 64QAM(3/4), scheme a)
9~ 16QAM(3/4), scheme b) Y
90 | =7 64QAM(3/4), scheme b)
—+— 16QAM(3/4), scheme c) -9
0|~ GIQAM(3I4), scheme )
—— 16QAM(3/4), scheme c) with inter. cancelation
~& B4QAM(3/4), scheme o) with_inter. cancellation o .v
Fs
70 .
60
50
40 a-a
o
30
20
10
o |
0 5 10 15 20 2 30 35 a0

SNR [dB]




image32.png
Throughput [Mbits/s]

100 | 2~ 160AM3/4), scheme a)
G- 64QAM(3/4), scheme a)
9~ 16QAM(3/4), scheme b) Y
90 | =7 64QAM(3/4), scheme b)
—+— 16QAM(3/4), scheme c) -9
0|~ GIQAM(3I4), scheme )
—— 16QAM(3/4), scheme c) with inter. cancelation
~& B4QAM(3/4), scheme o) with_inter. cancellation o .v
Fs
70 .
60
50
40 a-a
o
30
20
10
o |
0 5 10 15 20 2 30 35 a0

SNR [dB]




image1.png
-40

-120

-140

102

10°

10* 10° 10°
Frequency Offset [Hz]

107

10°




image2.png
Throughput [Mbits/s]

60 .

—5—PN ON, PTRS pattern 1
50 —+—PN ON, PTRS pattern 2
—6—PN ON, PTRS pattern 4
—e—PN ON, PTRS OFF

40

20

20

20
SNR(0B]

40




