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Introduction
At the RAN1 #86 meeting, we have reached the following agreements [1]:
	Agreements:
· In addition to the front-loaded RS agreed to study in RAN1#85, same or extended/additional RS is studied in NR of at least the following:
· Estimate/compensate Doppler parameters
· Compensate phase rotation and frequency offset
· Note that RS may or may not be UE-specific


In this contribution, we discuss several key factors which are related to RS pattern design for demodulation and tracking, and discuss the RS design principles based on qualitative analysis and simulations.

Discussions on NR Demodulation RS Patterns 
NR will support wider spectrum range from lower carrier frequency (sub-6GHz) to higher carrier frequency (millimeter wave), and on each of which, multiple services could be supported with same or different numerologies and/or scheduling unit structures (e.g., slot) [2]. Due to the difference on propagation characteristics and antenna pattern between lower and higher carrier frequencies, different MIMO schemes will be studied for different carrier frequencies.
These new features of NR systems introduce new challenges for NR DMRS design. The NR DMRS should facilitate the demodulation with different numerologies including subcarrier spacing (SCS) and symbol duration, high phase noise levels especially for millimeter waves, large Doppler spectrum especially in high mobility scenarios and higher carrier frequency, and support different MIMO schemes on each carrier frequency.

Time-domain RS pattern
UE mobility and symbol duration
We firstly discuss the time-domain RS pattern considering UE mobility and symbol duration. 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 SCS (f), carrier frequency, and target maximum UE moving speed. f is derived from f0 * 2n (f0 = 15 kHz, and n is an integer), 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 1 shows the potential target UE moving speeds at each carrier frequency.

Table 1  Potential target UE moving speed
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Based on the table, we calculate the required RS spacing in time-domain for each carrier frequency and f, respectively, using eq. (1) [5]. 

             (1)
Here, coherence time Tc is defined such that the time-domain correlation value is 0.5. fm is the maximum Doppler frequency. Table 2 summarizes the analysis.  

Table 2  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 among 6, 28, and 70GHz. 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, 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 of overhead 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 a scheduling unit for fast processing, it is difficult to satisfy the required RS spacing in time-domain especially for narrower f, since necessary RS spacing in time-domain is shorter than RS spacing in time-domain. 
Observation 1 
· The coherence time in terms of symbol number varies in a large range in different scenarios with different UE velocity and numerologies.
· For a given carrier frequency and target UE speed at the frequency, optimal RS mapping pattern may be different for different subcarrier-spacing values.

Phase noise
Besides the UE mobility, the signal transmission and reception on high carrier frequencies also suffer from the high phase noise level, which power spectrum density increases by 20 dB per decade of increasing on carrier frequency. The phase noise can have mainly two impacts. One is that each subcarrier can be affected by a common phase error (CPE), which appears equal phase rotation across all subcarriers. The other is the inter-subcarrier interference (ICI) which results in loss of orthogonality between subcarriers in case of OFDM-based IFFT demodulation. With increased SCS in order to suppress the ICI, and CPE compensation at the receiver side, we can reduce the performance degradation caused by the phase noise. Therefore, especially for higher carrier frequencies, wider SCS and RS design which includes DMRS and/or additional RS with higher time-domain density may be necessary to compensate the CPE.
Observation 2:
· On higher carrier frequencies, CPE compensation approach is necessary in order to reduce performance degradation.

Beam-based MIMO operations
Due to the different propagation characteristics and antenna patterns on different carrier frequencies, different MIMO transmission schemes will be studied in NR for different carrier frequencies, which also introduces different requirements on the time-domain design of DMRS.
On higher carrier frequencies above 6 GHz, beam based operation would be a typical MIMO mode. Some beam based transmission schemes requires beam switching with a certain duration/period, and multi-users are multiplexed in TDM manner. The DMRS design, especially the time domain design, should support such transmission schemes. 
Observation 3:
· With beam based MIMO operations, there will be analog beamforming switching within a certain duration/period.
· Time-domain DMRS design should consider the requirements of beam based MIMO operations.

Frequency-domain RS pattern
Channel frequency selectivity and subcarrier spacing
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. (2) [5], where W and  are the coherence bandwidth (frequency-domain correlation value is 0.5) and the r.m.s delay spread, respectively.

             (2)
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 3 shows the required RS spacing in frequency-domain for given channel delay profiles. Here, the channel models agreed in TR38.900, 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 3  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 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 4:
· 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.

Effect of beamforming on frequency selectivity
As large scale MIMO, say, massive MIMO, will be applied in NR system. It is notable that the UE-specific beamforming will significantly affect the characteristics of the equivalent receiving channel on delay spreads. After the UE-specific beamforming, especially with large scale MIMO, the delay spread of equivalent channel will be smaller than that of original channel, which reduces the frequency selectivity. The channel becomes more flat on frequency-domain which should be considered when designing the time-domain density of the RS. The frequency-domain density of DMRS can be reduced to save the overhead or to increase the FDM port number to support more transmission layers. 
Observation 5:
· Beamforming transmission with large antenna arrays will alleviate the frequency selectivity of the channel. RS pattern with lower frequency-domain density can be considered to enable the FDM of DMRS ports or reduce the DMRS overhead. 

Design principles of DMRS
Based on the discussions in Section 2, several design principles of DMRS can be proposed. As we observed, the multiple scenarios and operation bands of NR system have variant requirements on the DMRS pattern. It we use the worst case to design a common DMRS pattern for all scenarios, it is unavoidable to introduce large overhead since partial frequency or time-domain RS are not necessary for a specific scenario. Therefore, we proposal that
Proposal 1:
· Consider to design multiple DMRS pattern/configurations which would be usable for different carrier frequencies, subcarrier spacing/symbol duration, and mobility scenarios.
· FFS whether a DMRS pattern is generated as a subset/superset of another pattern.

In order to compensate the CPE especially on higher carrier frequency, one way is utilizing additional RS REs mapped over the time-domain, i.e., “Tracking RS (TRS)”. The TRS will have high insertion density on time-domain. Therefore, the TRS can also be utilized to compensate the Doppler frequency and has a good affinity to front-loaded DMRS.
Observation 6:
· In order to compensate the CPE especially on higher carrier frequency, additional RS REs (i.e., TRS) mapped over the time-domain can be introduced. 
· In addition to compensate the CPE, TRS can also compensate the Doppler frequency especially in high mobility scenarios.

It can be observed that the MIMO beamforming with large scale antenna arrays will reduce the delay spread of the equivalent receiving channel, which should be considered when design frequency-domain pattern of the DMRS. If we design the pattern with coherence bandwidth of original channel, some unnecessary overhead will be introduced. However, note that the impact of noise should be considered. If the number of RS REs becomes smaller, the impact of the noise becomes larger. Therefore, our proposals are
Proposal 2:
· For both lower and higher carrier frequencies, design frequency-domain pattern of DMRS with the considerations on corresponding MIMO transmission schemes. The delay spread of equivalent channel should be considered.

Link-level Evaluation
In addition to discuss about RS design, performance evaluation is also important. In order to see the channel estimation accuracy when applying one of the basic DMRS pattern candidate; i.e., front-loaded DMRS, we provide initial link-level evaluation results under the presence of Doppler frequency and phase noise. 
Simulation Assumptions
Table 4 shows link-level simulation assumptions. Carrier frequency of 6 GHz and 28 GHz are evaluated for f of 15 kHz and 120 kHz, respectively. These combinations of carrier frequency and f are selected based on the necessary RS spacing in time-domain as discussed in section 2.1. The data is assumed to be mapped over 50 PRBs and 14 OFDM symbols, where each PRB is composed of 12 subcarriers. A phase noise model proposed in [6] from the RAN1#85 agreement is adopted. 

Table 4  Simulation assumptions
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Figure 1 shows the DMRS mapping assumed in the evaluation. We compare two types of DMRS mapping. Alt. 1 is a distributed DMRS mapping for each PRB/scheduling unit, similar to the existing LTE. First, channel estimation is carried using the DMRS over the 14 symbols per PRB. Then, MMSE filtering is applied per PRB over time and frequency. Alt. 2 is a front-loaded DMRS mapping at the beginning of a scheduling unit. First, channel estimation is carried out using the DMRS on the symbol per PRB. Then, MMSE filtering is applied per PRB over frequency. Unlike Alt. 1, MMSE filtering over time is not applied. Therefore, Alt. 1 has better tracking performance in time, while requiring waiting for receiving the last DMRS symbol so that MMSE filtering in time is applicable. 

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

Simulation Results
Figures 2 (a) and (b) show the required SNR for achieving the BLER = 10 % as a function of UE moving speed under the different RS mapping when transmission rank is 1, 2, and 4 at carrier frequencies of 6 GHz and 28 GHz. The fig. 2 (a) shows that alt. 2 can offer about 0.5 dB better performance compared to alt. 1 in case of low mobility. This is because that alt. 2 has better channel estimation performance in frequency-domain due to the higher DMRS insertion density in frequency-domain. On the other hand, as the UE speed becomes higher, the required SNR becomes higher. As for the impact of DMRS mapping, the performance of alt. 2 significantly degrades at middle to high UE moving speed. For example, BLER 10% is not achievable with any rank with 10 km/h or faster moving speed at 6 GHz carrier frequency. 
As for impact of Doppler frequency at higher carrier frequency (figure 2 (b)), the performance degradation due to UE speed becomes smaller since the OFDM symbol length becomes shorter due to wider f. At lower UE moving speed, the performance gain of alt. 2 compared to alt. 1 becomes smaller in spite of the higher DMRS insertion density in frequency-domain. For example, the performance of alt. 2 is about 1 dB degraded in case of rank 4. This is because that the impact of phase noise, which rotate the channel in time-domain, becomes larger as higher carrier frequency and higher SNR in alt. 2. 
[image: ] [image: ]
(a) Carrier frequency of 6 GHz                  (b) Carrier frequency of 28 GHz
   Fig. 2  Required SNR for achieving the BLER = 10%. 
Observation 7:
· When DMRS is mapped at the beginning of a scheduling unit, the robustness against time-varying channel due to Doppler frequency and phase noise would degrade compared with distributed DMRS mapping like existing LTE. 

Based on these evaluation results, when DMRS is mapped at the beginning of a scheduling unit, channel compensation of time-varying channel is necessity while minimizing the processing time delay. As mentioned in section 3, one way is utilizing TRS as illustrated in fig. 3. In this case, the TRS is mapped every OFDM symbols and compensates the phase offset. By utilizing front-loaded DMRS with TRS mapping, channel compensation of time-varying channel can be done as follows: 
(1) The channel response of front OFDM symbol(s) is estimated by DMRS. 
(2) Phase rotation between each two consecutive symbols estimated by the TRS 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. 
(3) The channel estimates obtained by the DMRS symbol(s) at the beginning of each scheduling unit are rotated and used for demodulating the data on each OFDM symbol. 

[image: ]
Fig. 3  An example of RS mapping (Front-loaded DMRS with TRS).  

When applying this method, phase offset can be compensated. For example, when f is 120 kHz at carrier frequency of 28 GHz, symbol length is 8.9 s and TRS can compensate the phase offset identically up to 56,000 Hz corresponding to mobile speed of up to 2,000 km/h at carrier frequency of 28 GHz. For such RS design that can track phase-rotation/change, there are some open issues to be considered; influence of amplitude variation, TRS insertion density in time-domain, TRS insertion density in frequency-domain, number of TRS ports. If we do not consider compensation of the amplitude variation, the performance of data demodulation may degrade especially larger in case of higher order modulation. As for insertion density in time-domain, it depends on the coherence time (Doppler frequency and CPE). About insertion density in frequency-domain, the insertion density can be smaller than DMRS since CPE is the same for each subcarrier. However, if noise and interference is presented or the ICI becomes larger in case of narrower f or higher carrier frequency, some channel estimation performance degradation would be occurred. Concerning the number of TRS ports, since the TRS will have high density on time-domain, it is undesirable to generate multiple TRS ports corresponding multiple DMRS ports considering the overhead issue. Therefore, multiplexing method of each TRS ports should be studied. Further study and evaluation is necessity. 
Observation 8:
· When DMRS is mapped at the beginning of a scheduling unit, impacts of following issues should be considered in addition to phase offset compensation. 
· Influence of amplitude variation
· TRS insertion density in time-domain
· TRS insertion density in frequency-domain
· Number of TRS layers and multiplexing method
[bookmark: _GoBack]Proposal 3:
· Study further combination of front-loaded DMRS and TRS.

Summary
In this contribution, we have presented our views on RS for demodulation and tracking, and then made the following observations and proposals. 
Observation 1 
· The coherence time in terms of symbol number varies in a large range in different scenarios with different UE velocity and numerologies.
· For a given carrier frequency and target UE speed at the frequency, optimal RS mapping pattern may be different for different subcarrier-spacing values.
Observation 2:
· On higher carrier frequencies, CPE compensation approach is necessary in order to reduce performance degradation.
Observation 3:
· With beam based MIMO operations, there will be analog beamforming switching within a certain duration/period.
· Time-domain DMRS design should consider the requirements of beam based MIMO operations.
Observation 4:
· 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 5:
· Beamforming transmission with large antenna arrays will alleviate the frequency selectivity of the channel. RS pattern with lower frequency-domain density can be considered to enable the FDM of DMRS ports or reduce the DMRS overhead. 
Observation 6:
· In order to compensate the CPE especially on higher carrier frequency, additional RS REs (i.e., TRS) mapped over the time-domain can be introduced. 
· In addition to compensate the CPE, TRS can also compensate the Doppler frequency especially in high mobility scenarios.
Observation 7:
· When DMRS is mapped at the beginning of a scheduling unit, the robustness against time-varying channel due to Doppler frequency and phase noise would degrade compared with distributed DMRS mapping like existing LTE. 
Observation 8:
· When DMRS is mapped at the beginning of a scheduling unit, impacts of following issues should be considered in addition to phase offset compensation. 
· Influence of amplitude variation
· TRS insertion density in time-domain
· TRS insertion density in frequency-domain
· Number of TRS layers and multiplexing method
Proposal 1:
· Consider to design multiple DMRS pattern/configurations which would be usable for different carrier frequencies, subcarrier spacing/symbol duration, and mobility scenarios.
· FFS whether a DMRS pattern is generated as a subset/superset of another pattern.
Proposal 2:
· For both lower and higher carrier frequencies, design frequency-domain pattern of DMRS with the considerations on corresponding MIMO transmission schemes. The delay spread of equivalent channel should be considered.
Proposal 3:
· Study further combination of front-loaded DMRS and TRS.
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