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Introduction
At the RAN1 #85 meeting, we have reached the following working assumptions and agreements [1]:
	Working assumptions:
· RAN1 concludes on alternative 1 (15 kHz) as the baseline design assumption for the NR numerology
· RAN1 concludes on scale factors N =2n for subcarrier spacing as the baseline design assumption for the NR numerology
After that, the general requirements on RS design have been discussed and we reached an agreement as [1]
Agreements:
· At least the following is studied for NR in order to reduce decoding latency
· RS used to start to demodulate a data transmission is located at the beginning of the time interval to which the data and associated RS for demodulation is physically mapped
· Other additional RS design associated with data demodulation is not precluded.



For NR, RS design is fundamental and an important factor to be studied. In this contribution, we show our views on NR demodulation RS. 

Analysis and Discussions on NR Demodulation RS Design
In this section, we discuss design principles of NR demodulation RS (DMRS) taking into account scalable numerology. First, necessary RS spacing is discussed in frequency-domain and time-domain in section 2.1 and 2.2, respectively. Then, necessary RS port numbers is discussed in section 2.3.
Necessary RS spacing in frequency-domain
Before discussing NR RS for demodulation, LTE DMRS in Rel. 10 is reviewed below. In LTE, CP-length of 4.67 s was specified, in which case the maximum delay-spread of 1.4 s can be managed (derived assuming uniform power-delay profile over the whole CP-duration). Then, each antenna port of Rel. 10 LTE DMRS is mapped on every 5 subcarriers (= 75 kHz RS spacing) in frequency-domain in the scheduled PRB. Therefore, it can be interpreted that the LTE DMRS spacing on each antenna port in frequency-domain is 51.1% of channel coherence bandwidth denoted by Eq. (1) [2], where W and  are the coherence bandwidth (frequency-domain correlation value is 0.5) and the r.m.s delay spread, respectively.

             (1)
Now, we calculate the necessary RS spacing for NR in frequency-domain, assuming that the above 51.1% of channel coherence bandwidth offers reasonable channel estimation performance in frequency-domain. Table 1 shows the required RS spacing in frequency-domain for given channel delay profiles. Here, the channel models agreed in [3], and typical legacy channel models such as EPA, EVA, and ETU, are listed. Note that “normal-delay profile” corresponds to the median, and the “long-delay profile” corresponds to the 90th percentile of the NLOS r.m.s delay spread. 

Table 1  Required RS spacing in frequency-domain
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In general, according to the above table, as the carrier frequency becomes higher, the delay spread value becomes smaller. Therefore, required RS spacing can be wider for higher carrier frequency. For example, in case of UMa normal delay profile, the ratio of necessary RS spacing for 6 GHz and 28 GHz is 280.8/384.2 = 73%. However, higher carrier frequency would require wider subcarrier-spacing (f) which is scaled by a factor of 2n; therefore, it may not be optimal to define common RS mapping pattern for different f, even taking into account that RS spacing required at higher-carrier frequency is slightly wider. 
Observation 1:
· The coherence bandwidth in terms of subcarrier number varies in a large range in different scenarios with different subcarrier-spacing. RS study should include whether a common RS mapping pattern in frequency-domain for scalable numerology is feasible.
· Necessary subcarrier-spacing for higher carrier frequency would be wider by a factor of 2n, while the delay spread for higher carrier frequency may not be scaled exponentially in the same order as subcarrier-spacing. 

Necessary RS spacing in time-domain
In this section, we discuss necessary RS spacing in time-domain. Below, the necessary RS spacing is calculated based on the coherence time [3] which was assumed in the discussion of LTE DMRS design. In order to calculate the required RS spacing (counted by the number of symbols), we assume the candidates of f, carrier frequency, and target maximum UE moving speed. f is derived from f0 * 2n (f0 = 15 kHz, and n is an integer) according to the current working assumption, and the carrier frequency is assumed to be 6 GHz, 28 GHz, and 70 GHz, which are expected to have different radio propagation characteristics [4]. Table 2 shows the potential target maximum UE moving speeds at each carrier frequency, where two cases are assumed: case 1 for middle mobility, and case 2 for high mobility.

Table 2  Potential target maximum UE moving speed
(a) Case 1 for middle mobility
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(b) Case 2 for high mobility
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Based on these tables, we calculate the required RS spacing in time-domain for each carrier frequency and f, respectively, using eq. (2) [2]. 

             (2)
Here, coherence time Tc is defined such that the time-domain correlation value is 0.5. fm is the maximum Doppler frequency. Table 3 summarizes the analysis.  

Table 3  Required RS spacing in time-domain (counted by the number of symbols)
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The table shows that in case of 15 kHz for f (same numerology as in LTE), highly dense RS insertion in time-domain is required irrespective of its carrier frequency. This is because Doppler frequency is linearly increased according to the carrier frequency and hence, even at 6 GHz carrier frequency, high RS density is required compared to typical LTE carrier frequency, e.g., 2 GHz. The RS density in time-domain can be reduced by widening f. For example, when f is 60 kHz and target UE speed is case 1, the required RS spacing in time-domain is 9.3 symbols, 5.8 symbols, and 9.3 symbols at the carrier frequency of 6 GHz, 28 GHz, and 70 GHz, respectively, which may be within an acceptable range when assuming the distributed DMRS mapping similar to the existing LTE. With further wider f such as 120 kHz or 240 kHz, RS overhead in time can be further reduced. In other words, if we apply the common RS mapping pattern among different f, the RS density in time-domain would become too much especially at wider f. On the other hand, when assuming localized DMRS mapping at the beginning of the subframe for fast processing, it is difficult to satisfy the required RS spacing in time-domain since neccesary RS spacing in time-domain is shorter than one subframe length (14 symbols) except for larger f. 
Note that the necessary RS spacing in time-domain is different between case 1 and case 2. If the RS mapping pattern needs to be universal, it should cover both case 1 and case 2. However, RS mapping pattern which could cover case 2 is highly dense and hence, it can be excessive overhead in case 1. 
Observation 2:
· The coherence time in terms of symbol number varies in a large range in different scenarios with different UE velocity and numerologies. RS study should include whether a common RS mapping pattern in time-domain for scalable numerology is feasible.
· For a given carrier frequency and target UE speed at the frequency, optimal RS mapping pattern may be different for different subcarrier-spacing values.
· It is difficult to satisfy the required RS spacing when assuming the localized RS mapping at the beginning of the subframe in some cases. RS study should include the trade-off between fast processing and channel estimation accuracy.
· DMRS design should be flexible to ensure reasonable channel estimation accuracy in diverse scenarios with different NR numerologies.

Discussions on RS port numbers
In LTE, both single-user (SU) and multi-user (MU) layer number dimension has been extended to 8 in total in order to improve the spectrum efficiency. MU layer number extension was discussed and decided during the Rel. 13 EB/FD-MIMO study item wherein a maximal number of 64 TXRUs was assumed. In NR scenarios under discussion, the number of TXRU per TRP is different and varies in a large range. At the low frequency band, the MIMO scale is further increased to 128 TXRUs at TRP side, and larger scale array at UE side is also considered. According to some initial system-level simulations [5], a commonly used PF MU scheduler will select more then 8 users co-scheduled on same time and frequency resources. Therefore, larger number of DMRS ports compared to LTE may be necessary for NR. 
In order to define enough number of DMRS ports, the multiplexing scheme of RS should be investigated. Due to the requirements on fast processing, the multiplexing of RS on domains other than time domain, e.g., on frequency and spatial domain, will be more promising. Especially, the large-scale MIMO can provide better orthogonality in spatial domain to enable the spatial domain multiplexing (SDM) without introducing much multi-user interferences. The SDM scheme can be UE transparent without informing UE of any additional information, or it can be combined with other technologies, e.g., use different psudo-noise (PN) codes to provide some additional orthogonality. 
Observation 3:
· It is beneficial to study the necessary DMRS port numbers baesd on the observations on the optimal layer numbers for both SU and MU transmissions in different scenarios, which will be different considering the detailed transceiver configurations and channel conditions of each scenario.
· The baseline of NR DMRS design is to support 8 layers for both SU and MU transmissions. The necessary and methods to generate more RS ports, e.g., by FDM or SDM should be studied.
· The flexible extension of DMRS port number should be supported. The UE transparent extension of port number should be studied as well.

Link-level evaluation
In this section, we provide initial link-level evaluation results in order to see the channel estimation accuracy when DMRS is mapped at the beginning of the subframe for fast processing. 
Simulation Assumptions
Table 4 shows link-level simulation assumptions. Carrier frequency of 6 GHz and 28 GHz are evaluated for subcarrier-spacing of 15 kHz and 120 kHz, respectively. These combinations of carrier frequency and subcarrier-spacing are selected based on the necessary RS spacing in time-domain as discussed in section 2.2. For fair comparison in terms of coding gain, same number of subcarriers/symbols per PRB/TTI is assumed for each carrier frequency, i.e., the bandwidth is assumed to be different, but the transport block size is common. Phase-noise is not assumed. 

Table 4  Simulation assumptions
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Figure 1 shows the DMRS mapping assumed in the evaluation. We compare three types of DMRS mapping. Alt. 1 is a distributed DMRS mapping for each PRB/subframe, similar to the existing LTE. Alt. 2 is a localized DMRS mapping at the beginning of the subframe. Alt. 3 is a modified DMRS mapping from alt. 2, in which continuous-time RS is inserted as in the figure. For alt. 1 and alt. 2, MMSE filtering within a PRB is applied to the instantaneous channel estimates obtained by the DMRS REs distributed in a PRB/subframe. For alt. 3, MMSE filtering within a PRB is applied to the instantaneous channel estimates obtained by the DMRS symbol(s) located at the beginning of a subframe, and then the phase rotation between each two consecutive symbols estimated by the continuous-time RS is further applied to the channel estimates at each OFDM symbol. The phase rotation of channel estimates is compensated per OFDM symbol so that processing time delay is minimized. In reality, phase rotation estimation by continuous-time RS at each OFDM symbol includes the effect of noise and/or interference and hence, the estimation is not perfect. However, for the initial evaluation purpose, we assume that phase rotation only comes from UE mobility and the phase rotation of the channel at the continuous-time RS RE position is ideally estimated in each OFDM symbol. The channel estimates obtained by the DMRS symbol(s) at the beginning of each subframe are rotated and used for demodulating data on each OFDM symbol. 

[image: ]
Fig. 1  DMRS mapping assumed in the evaluation.

Simulation Results
Figure 2 shows the required SNR for achieving the BLER = 10 % as a function of UE moving speed under the different RS mapping. Figures 2 (a) and (b) show the performance of rank 1, 2, and 4 with MCS index #26 at carrier frequencies of 6 GHz and 28 GHz, under the channel model of CDL-B, UMi street canyon, normal delay profile. Figures 2 (c) and (d) show the performance of rank 1, 2, and 4 with MCS index #5 at carrier frequencies of 6 GHz and 28 GHz, under the channel model of CDL-C, UMa, normal delay profile, respectively. 
It is confirmed by the evaluation results for MCS #26 and CDL-B channel model (Figs. 2 (a) and (b)) that as the UE speed becomes higher, the required SNR becomes higher. For a given set of MCS/rank, the performance degradation due to UE speed becomes small at higher carrier frequency, since the OFDM symbol length becomes shorter due to wider subcarrier-spacing. As for the impact of DMRS mapping, the result shows that alt.1 is relatively robust against UE moving speed. On the other hand, in case of low mobility and MCS#26, due to the lower DMRS insertion density in frequency-domain, the required SNR of alt. 1 is relatively higher. Alt. 2 can offer better performance compared to alt. 1 at low Doppler frequency, but its performance significantly degrades at middle to high UE moving speed. For example, BLER 10% is not achievable with any rank with 10km/h or faster moving speed when MCS is #26. The evaluation results also reveal that the alt. 3 could strike a good balance between robustness to UE moving speed and accuracy of instantaneous channel estimates at the DMRS symbol(s). 
The results for MCS #5 and CDL-C (Figs. 2 (c) and (d)) show that the effect of phase rotation compensation by alt. 3 works well in case of lower MCS and lower rank. For example, when the number of rank is 1 or 2, alt. 3 can offer even better performance compared to alt. 1. Further study is needed about phase rotation compensation. 
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(a) MCS#26, CDL-B, 6 GHz                          (b) MCS#26, CDL-B, 28 GHz
[image: ]     [image: ]
(c) MCS#5, CDL-C, 6 GHz                          (d) MCS#5, CDL-C, 28 GHz
Fig. 2  Required SNR for achieving the BLER = 10%.

Observation 4:
· When DMRS is mapped at the beginning of the subframe, phase rotation compensation would be effective  to suppress degradation of channel estimation accuracy. Further study is needed about phase rotation compensation approch. 

Summary
In this contribution we presented some analysis on demodulation RS for NR and provided initial evaluation results, and then made the following observations: 
Observation 1:
· The coherence bandwidth in terms of subcarrier number varies in a large range in different scenarios with different subcarrier-spacing. RS study should include whether a common RS mapping pattern in frequency-domain for scalable numerology is feasible.
· Necessary subcarrier-spacing for higher carrier frequency would be wider by a factor of 2n, while the delay spread for higher carrier frequency may not be scaled exponentially in the same order as subcarrier-spacing. 
Observation 2:
· The coherence time in terms of symbol number varies in a large range in different scenarios with different UE velocity and numerologies. RS study should include whether a common RS mapping pattern in time-domain for scalable numerology is feasible.
· For a given carrier frequency and target UE speed at the frequency, optimal RS mapping pattern may be different for different subcarrier-spacing values.
· It is difficult to satisfy the required RS spacing when assuming the localized RS mapping at the beginning of the subframe in some cases. RS study should include the trade-off between fast processing and channel estimation accuracy.
· DMRS design should be flexible to ensure reasonable channel estimation accuracy in diverse scenarios with different NR numerologies.
Observation 3:
· It is beneficial to study the necessary DMRS port numbers baesd on the observations on the optimal layer numbers for both SU and MU transmissions in different scenarios, which will be different considering the detailed transceiver configurations and channel conditions of each scenario.
· The baseline of NR DMRS design is to support 8 layers for both SU and MU transmissions. The necessary and methods to generate more RS ports, e.g., by FDM or SDM should be studied.
· The flexible extension of DMRS port number should be supported. The UE transparent extension of port number should be studied as well.
Observation 4:
· When DMRS is mapped at the beginning of the subframe, phase rotation compensation would be effective  to suppress degradation of channel estimation accuracy. Further study is needed about phase rotation compensation approch. 
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