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Introduction
In RAN #71, a new study item New Radio (NR) Access Technology was approved. In RAN1 # AH1_NR the following agreement was reached. 
Agreements:
· The CSI-RS RE mapping pattern of one N-port CSI-RS resource is composed of one or multiple CSI-RS RE mapping patterns of CSI-RS resources of equal or smaller number of ports, [e.g., 2, 4, or 8]
· A CSI-RS RE mapping  pattern is defined within a slot
· FFS: A CSI-RS RE mapping  pattern can span multiple configurable consecutive/non-consecutive OFDM symbols 
· FFS on mapping of ports to the CSI-RS RE mapping pattern
· Density per port in terms of RE per port per PRB is configurable supports for density greater than 1 is not precluded
In addition the following agreements were made for CSI-RS beam management
Agreements:
· Beam management overhead and latency are to be considered during the CSI-RS design for NR beam management, considering the following possible candidate solutions:
· Opt1. IFDMA
· Opt2. Larger subcarrier spacing
· Other solutions are not precluded
· FFS: whether the above structure should be utilized for P-1 and/or P-2 and/or P-3.
· Other aspects considered during the CSI-RS design for NR beam management include, e.g. CSI-RS multiplexing, UE beam switch latency and UE implementation complexity (e.g. AGC training time), coverage of CSI-RS, etc.
· Note that it does not imply prioritizing different aspects in CSI-RS design

However, still it is not clear what would be the numerology of CSI-RS when multiple numerologies are deployed in one OFDM carrier.  In [1], we proposed the CSI-RS cancellation receiver when the PDSCH of one numerology is super imposed with CSI-RS of other numerology. In this contribution, we analyse the performance with CSI-RS cancellation receiver.

NR CSI-RS and PDSCH Multiplexing
Shown in Figure 3‑1 are some of the cases that we might encounter while supporting UE specific wideband CSI-RS in a mixed numerology scenario. We see from these figures that no matter which option is chosen for the CSI-RS numerology we will always have the case where the CSI-RS numerology and the underlying PDSCH numerology are different (note that the PDSCH and CSI-RS belong to two different UEs).
As mentioned before for a mixed numerology case the REs between the separate numerology are inherently non orthogonal so we propose having two kind of RE sharing mechanism between the CSI-RS and the underlying PDSCH
· Case 1: The underlying PDSCH is rate matched around the CSI-RS. As we showed previously for a mixed numerology case the rate matching can be in-efficient and depends on the numerology mix
· Case 2: The underlying PDSCH us not rate matched around the CSI-RS. 
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[bookmark: _Ref465887384]Figure 3‑1 PDSCH and CSI-RS RE Mapping for 15KHz CSI-RS (left) and 60KHz CSI-RS (right)
Case 1: CSI-RS Resource Mapping for Case 1 (PDSCH Rate Matched)
In this case, the PDSCH is rate matched around the CSI-RS resources. For example, consider the scenario of 15 and 60 KHZ mixing.   So if the CSI-RS was transmitted with a 60 KHz subcarrier spacing and with say 2x2 resource elements (2 subcarriers and 2 symbols). Then for the PDSCH transmission belonging to 15 KHz subcarrier spacing, we need to rate match around 8 subcarriers and ½ a symbol. Similarly if the CSI-RS was being transmitted 15 KHz sub carrier spacing with 2x2 resource element (2 subcarrier and 2 symbols) then for a  PDSCH transmission of 60 KHZ spacing, we need to rate match around ½ subcarrier and 8 OFDM symbols. Clearly ½ symbol or ½ subcarrier rate matching is not possible so this means that in a mix numerology the rate matching can be in-efficient. Also this design is not forward compatible since it a new numerology is introduced in the future the legacy devices will not be able to rate match around this unknown numerology.
Case 2: CSI-RS Resource Mapping for Case 2 (PDSCH not rate matched and super-imposed with CSI-RS)
In this case, the PDSCH is not rate matched. Hence, the PDSCH is transmitted is multiplexed by super-imposing it with the CSI-RS of the other numerology. As an example consider the scenario of 15 and 60 KHZ mixing.  Say 2x2 resource elements are allocated for CSI-RS transmission. Then for the PDSCH transmission for 65 KHz sub carrier spacing, we can multiplex 4*(60/15) = 16 resource elements.  Hence we can expect significant gain when we go for higher numerology with the proposed scheme. Note that the above scheme assumes that the underlying receiver will cancel the CSI-RS interference due to 15 KHz spacing carrier.  In Appendix, we explain mathematically how the receiver can cancel the CSI-RS interference using a single FFT engine. Also note that since CSI-RS and PDSCH are multiplexed and super-imposed, we can use a much denser CSI-RS resources for better channel estimation.
The above technique can be extended by varying (reducing) the power of CSI-RS of the higher numerology carrier and using higher density of CSI-RS resources. Note that, if we use reduced CSI-RS power, the receiver can avoid cancelling the CSI-RS interference as the interference is of low power.  Since no rate matching is utilized in this case we do not have to worry about in-efficiency nor do we have to worry about legacy UE issue when introducing a new numerology in the future.
[bookmark: _Ref378529477]
Simulation Scenario and Assumptions
In this section, we present out simulation results with mixed numerology for downlink transmission. We consider one numerology with 15 KHz subcarrier spacing and the other numerology with 30 KHz spacing.  Note that in this case all the numerologies are synchronized in time.  Figure 4-1 depicts the block diagram of the CP-OFDM transmitter in the mixed numerology case. The upper branch uses numerology with 15 KHz spacing, while the lower branch uses subcarrier spacing of 30 KHz. The lower branch generates two OFDM symbols during the time the upper branch generates one OFDM symbol. Let K1 to Km are the sub carrier indices for 15 KHz spacing for the data channel and P1 to Pn are the subcarrier indices for 30 KHz spacing for the data channel. Since the orthogonality is lost due to mixed numerology it was recommend to have some guard tones between these numerologies.  Let G be the number of guard tones between these two numerologies, then 

Please note that in both the design options, CSI-RS is transmitted over the whole bandwidth.

[image: ]
Figure 4-1  Block diagram of CP-OFDM with mixed numerology

We describe our evaluations with link adaptation, where the UE recommends the channel quality indicator through feedback channel. Feedback delay of 4 msec is assumed in our evaluations. Detailed link level simulation assumptions are shown in Table 1.  

Table 1 Detailed link level simulation assumptions 
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms

	Subcarrier spacing 
	Mixed numerology case: one is 15KHz, and the other subcarrier spacing is 30 KHz

	Guard time interval
	4.7us (interval of LTE normal CP) as baseline

	FFT size 
	1024 for 15KHz subcarrier spacing and 512 for 30 KHz spacing

	Data transmission bandwidth 
	48 subcarriers for 15 KHZ spacing 

	Antenna  configuration
	1T1R 

	MCS 
	For link adaptation: QPSK, 16-QAM and 64-QAM are considered with variable code rate

	Control Overhead 
	Zero

	Channel estimation for CSI
	Ideal, Practical


	Channel estimation for Data
	Ideal

	Channel Model
	TDL-A with 30 ns





Simulation Results with Perfect Channel Estimation for CSI 
In this section, we present out simulation results.  We analyse the impact of multiple numerologies under two conditions with perfect channel estimation of CSI and with practical channel estimation for CSI. In both the scenarios, we assumed channel estimation for data is ideal. 
Effects of Rate Matching of Data Channel Around the CSI-RS Resources
Figure 5-1 shows the spectral efficiency of 15 KHz subcarrier spacing carrier with perfect channel estimation for CSI and data detection without any interference from the other numerology. Note that for CSI-RS, we used the same CSI-RS as that of LTE.  From BLER, the spectral efficiency is computed based on the following formula
                                   Spectrum efficiency = TBS*(1-BLER)/(T*BW)
Where, TBS is the transport block size in bits, BLER is the block error rate, T is the time duration of one subframe, BW is the actual bandwidth of target subband.
[image: ]
Figure 5-1 Spectral efficiency of 15 KHz sub carrier spacing carrier without any interference

Figure 5-2 shows the data channel performance of 15 KHz numerology carrier with CSI-RS interference from the 30 KHz numerology. We considered two cases of rate matching of data channel of the 15 KHz numerology carrier. In one case, the data channel is rate matched only those resource elements of the 30 KHz CSI-RS. In another case, we rate matched the whole OFDM symbol where the CSI-RS of the 30 kHz numerology. Both the schemes perform worse as most of the resource elements are rate matched. In addition, leakage due to other numerology CSI-RS causes interference to the data channel of the 15 KHz numerology. [image: ]
Figure 5-2 Effects of rate matching around CSI-RS of the other numerology

Observation 1:  Significant performance loss if we rate match data channel of 15 KHz numerology around the CSI-RS resources for 30 KHz.
Effects of Reducing the CSI-RS Power of the Interfering Numerology 
In this case, we can reduce the interference of the other numerology if we can reduce the power for CSI-RS of the 30 KHz numerology. However, it might impact the CSI estimation of the 30 KHz numerology carrier. Figure 5-3 shows the spectral efficiency with reduced power of CSI-RS. In this case, we can achieve similar performance as that of baseline as the interference is reduced. Note that in this case, we rate matched the data of the 15 KHz numerology around those RE of the 30 KHz numerology. Due to this there is a slight reducing in spectral efficiency.
                                   [image: ]
Figure 5-3 Effects of reducing the power of CSI-RS of the other numerology with rate matching

Figure 5-4 shows the impact with reduced power for CSI-RS of the 30 KHz numerology when the data for 15 KHz numerology is transmitted on top of the CSI-RS (i.e. no rate matching). In this case, we observed that the performance is almost equal to that of baseline. This motivates us to propose that we can multiplex data of 15 KHz numerology with CSI-RS of the 30 KHz numerology. 


[image: ]
Figure 5-4 Effects of reducing the power of CSI-RS of the other numerology without rate matching

Observation 2:  Impact on Data Channel Performance is minimal if we reduce the power of CSI-RS of the other numerology

Effects of CSI-RS Interference Cancellation Receiver 
Note that in Figure 5-5, we can multiplex data of one numerology with the CSI-RS of the other numerology when the CSI-RS is transmitted with less power compared to the data. Instead of reducing the power of the CSI-RS, we can multiplex the data on CSI-RS of other numerology and cancel the interference due to CSI-RS at the receiver. i.e., using interference cancellation receiver. Figure 6 shows the performance of the proposed CSI-RS interference cancellation receiver. In this case, we can observe that the performance is equal to that of baseline. 
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Figure 5-5 Advanced receiver performance when data of one numerology is multiplexed with CSI-RS of the other numerology

Observation 3:  With Interference cancellation receiver, we can multiplex data of one numerology with the CSI-RS of the other numerology without any performance impact

Hence we can conclude that rate matching gives poor performance, while multiplexing data of one numerology with the CSI-RS of the other numerology can perform better with reduced CSI-RS power or by using an advanced receiver.

Simulation Results with Practical Channel Estimation for CSI 
In this section, we present our simulation results with practical channel estimation for CSI for the 15 KHz numerology when data channel of 30 KHz numerology. For these simulations, we assumed 50 % of the total bandwidth is allocated for data belonging to 15 KHz numerology and the remaining 50% for data belonging to 30 KHz numerology. Note that CSI-RS is transmitted for each numerology over the whole bandwidth.  
Effects of Rate Matching of Data Channel of 30 KHz Numerology
Figure 6-1 shows the mean square error (MSE) of the channel estimates due to CSI-RS of 15 KHz with 30 KHz data rate matched around these CSI-RS.  We also plotted the MSE without data multiplexing i.e. single numerology.  Note that in this figure x-axis is represents signal power (15 KHz) and the thermal noise power. It can be observed the from the figure that at low SNRs the MSE is same as the contribution due to noise dominates while at high SNRs, the interference due to 30 KHz numerology impacts the channel estimation error.
[image: ]
Figure 6-1 MSE of the channel estimation when data of 30 KHz numerology is rate matched with the CSI-RS of 15 KHz numerology 
Figure 6-2 shows the MSE with rate matching at symbol level (OFDM). In this case, we can observe that the impact due to the interference from the 30 KHz numerology is less and is almost equal to that of single numerology as the rate matching of 30 KHz numerology data is done at the symbol level. i.e. data is not transmitted in those symbols where CSI-RS of the 15 KHz is transmitted.


[image: ]
Figure 6-2 MSE of the channel estimation when data of 30 KHz numerology is rate matched at symbol level with the CSI-RS of 15 KHz numerology 

Observation 4:  Mean square channel estimation error for CSI depends on the rate matching of the data channel 

Effects of Multiplexing Data Channel of 30 KHz Numerology with CSI-RS of 15 KHz Numerology
Figure 6-3 shows the MSE with and without rate matching (i.e. data of 30 KHz numerology is multiplexed with CSI-RS of the 15 KHz numerology). In this case MSE is same irrespective of whether the data is rate matched at RE level or multiplexed without rate matching as rate matching is of no use at RE level. Note that at higher SNR, the channel estimation error is predominant as the interference due to higher numerology impacts the channel estimation error. 

[image: ]
Figure 6-3 MSE of the channel estimation when data of 30 KHz numerology is multiplexed with the CSI-RS of 15 KHz numerology

To improve the channel estimation accuracy, we increased the density of CSI-RS resources from 2 to 4 and 8 for 15 KHz numerology. Figure 6-4 and 6-5 shows the MSE with these schemes respectively.  Note that we also plotted the MSE without interference as it serves as the lower bound. It can be observed that at high SNRs, we can improve the channel estimation with more number of resources for CSI-RS due to more processing gain. 
[image: ]
Figure 6-4 MSE of the channel estimation when data of 30 KHz numerology is multiplexed with the CSI-RS of 15 KHz numerology, with increases number of CSI-RS resources 

[image: ]
Figure 6-5 MSE of the channel estimation when data of 30 KHz numerology is multiplexed with the CSI-RS of 15 KHz numerology, with increases number of CSI-RS resources

Observation 5:  When data of one numerology is multiplexed with the CSI-RS of the other numerology the impact on channel estimation error can be minimized with the increase in number of resource elements for CSI-RS resources

Effects of Mean SINR and Throughput with Multiplexing Data Channel of 30 KHz Numerology with CSI-RS of 15 KHz Numerology
Figure 6-6 shows the mean SINR of the 15 KHz numerology with and without 30 KHz data. It can be observed that at low geometries (long term SNR), the mean SINR is not dependent on the 30 KHz interference, however at high geometries, the 30 KHz data causes degradation in the mean SINR. 


[image: ]
Figure 6-6 Mean SINR of 15 KHz numerology with and without 30 KHz numerology data multiplexing

Figure 6-7 shows the spectral efficiency impact due to imperfect CSI at SNR due to 30 KHz numerology data.  Since the mean SINR is impacted the performance is impacted at high SNR only. This results motivates us to investigate further on multiplexing data of one numerology with the CSI-RS of the other numerology to improve the overall capacity of the system without rate matching.

[image: ]
Figure 6-7 Performance of 15 KHz numerology carrier when data of 30 KHz numerology is multiplexed with CSI-RS of the 15 KHz numerology 

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Conclusions
In this contribution we analysed the CSI-RS design options with mixed numerologies. From simulations, we observed that rate matching around the CSI-RS of the other numerology reduces the throughput significantly. We observed that multiplexing data of one numerology with the CSI-RS of the other numerology can improve the performance.  
Observation 1:  Significant performance loss if we rate match data channel of 15 KHz numerology around the CSI-RS resources for 30 KHz.
Observation 2:  Impact on Data Channel Performance is minimal if we reduce the power of CSI-RS of the other numerology
Observation 3:  With Interference cancellation receiver, we can multiplex data of one numerology with the CSI-RS of the other numerology without any performance impact
Observation 4:  Mean square channel estimation error for CSI depends on the rate matching of the data channel 
Observation 5:  When data of one numerology is multiplexed with the CSI-RS of the other numerology the impact on channel estimation error can be minimized with the increase in number of resource elements for CSI-RS resources
Based on these observations, we recommend

[bookmark: _GoBack]Proposal 1: NR should support CSI-RS cancellation receivers for improving the performance of NR when multiple numerologies are deployed in the same OFDM carrier.
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Appendix
Assume that the transmitter informs the interfering CSI-RS pattern and the numerology. Since the numerology and the CSI-RS sequence is known at the receiver is possible to construct a version of the CSI-RS once is it passed through the FFT matched to the PDSCH. The time domain CSI-RS signal at the transmitter is given by 


 								(8.1)
Where Cl,m is the CSI-RS in the time domain signal with ‘l’ as the OFDM symbol index, and ‘m’ as the sample (time bin) index with the given OFDM symbol, α is the scaling of the numerology , for example for 30 KHz PDSCH and  the interfering CSI-RS numerology is 15 KHz, then α is equal to 2. Similarly cl,j, is the CSI-RS in the frequency domain with ‘l’ as the OFDM symbol index and ‘j’ is the sub-carrier (frequency bin) index. 
At the receiver when the signal is passed through the FFT stage with a different numerology, the resulting CSI-RS at the receiver can be written as

	(8.2)
 
Since the FFT engines at the transmitter and receiver are operating on different numerology the symbol index and the sample index at the transmitter (l,m) and at the receiver (l’,m’) need to be considered carefully. This is illustrated in Figure 8-1 . From this figure we can derive:

											(8.3)
[image: ]
[bookmark: _Ref471107871]Figure 8 Transmitter and Receiver FFT Bin Relation
In (8.2) the term inside the 2nd summation does not depend on the sequence cl,j and it models the energy seen from the different FFT bins of the transmitter into a given FFT bin at the receiver due to the numerology mismatch between the two. Therefore the net signal from the CSI-RS at the receiver can therefore be written as 

							(8.4)
The term ϕl (j,j’) does not depend on the CSI-RS sequence and can be computed for each possible combination of numerology mix. Then the receiver can thereby generate the net signal from the CSI-RS as seen from its FFT engine and subsequently actively cancel the signal. 
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