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1
Introduction
An objective of the NR study item [1] is to identify and develop technology components needed for NR systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2].
In this contribution we consider demodulation reference signal (DMRS) design to support different numerologies. The following working assumptions and agreements were made in RAN1#85:
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

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 ph ysically mapped

· Other additional RS design associated with data demodulation is not precluded

Table 1 below provides an exemplary set of numerologies as a function of carrier frequency for non-MTC services. The time domain parameters such as symbol length and CP length are scaled down (compared to LTE) by parameter N, whereas subcarrier spacing are scaled up by parameter N.

Table 1 Example numerologies as a function of carrier frequency.

	
	< 6 GHz
	6-40 GHz

	Subcarrier spacing [kHz]
	15
	30
	60
	60
	120
	240

	Cyclic prefix
 [us]
	4.8
	2.4
	1.2
	1.2
	0.6
	0.3


2. Discussion 
2.1. Scalable DMRS design 
To support forward compatibility requirement, downlink and uplink control (and data channels) as well as reference signals need to support flexible system resource allocation and blanking.  By defining fixed size basic resource block, i.e. 12 subcarriers per PRB, the dimensions of the one PRB remain unchanged regardless of the selected numerology. The DMRS should be designed accordingly based on PRB based patterns. 

The complexity of channel estimation needs to be considered in DMRS design.   In order to minimize the complexity impact of multiple numerologies, the DMRS patterns should enable usage of the similar channel estimator at the UE independently from the selected numerology option.  Therefore, it is beneficial to aim at scalable numerology, where dimensions of the physical resource block (PRB) in terms of number of OFDM symbols and the number of subcarriers remain unchanged regardless of the selected numerology. This is required to allow the same PRB based DMRS patterns. 

Observation #1 PRB based DMRS patterns needed in order to support flexible system resource allocation and blanking

Observation #2: In order to minimize the complexity impact of multiple numerologies, the DMRS patterns should enable usage of the similar channel estimator at the UE independently from the selected numerology option.
Observation #3: in order to allow the same PRB based DMRS patterns, the size of one physical resource block (PRB) in the terms of number of resource elements need to be common for all numerologies.
Proposal #1:  Common PRB -based DMRS patterns are used for all numerologies. 
The flexible TDD with support for efficient cross-link interference compensation and rejection is one of the main building blocks for the NR. Important enabler is to align demodulation reference signals in neighboring cells so that UE can make cross-link interference covariance matrix estimation without explicit signaling of the resource allocation and UE identities in the neighbor cells. Thus, when designing demodulation reference signals key property is to allow UE to construct used reference signals sequences in neighbor cells. In general, demodulation reference signal sequence should be resource specific in such that:  
· Cell specific sequence based on the  largest possible system bandwidth
· Align middle elements of the sequence always with center of the bandwidth

· Sequence elements only in the region of resource allocation are active
Proposal 2: Demodulation reference signal sequence should be resource specific in order to allow construction of demodulation reference without explicit signaling. 
Figure 1 illustrates examples of the front-loaded pilot patterns for different subcarrier spacing.  By increasing the subcarrier spacing by N, the absolute time domain density of DMRS  scales up while frequency domain density going down by parameter N.  In this particular example 4 DMRS layers are assumed.  Higher number of layers can be supported by means of additional cover code in time or frequency.  The approximate values for supported Doppler- and delay spread as shown in Table 2. The calculation is based on Nyquist sampling rate and 50% coherence bandwidth.  
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Figure 1 Examples of   the front loaded pilot patterns for different subcarrier spacing.  Different colors represent different DMRS layers. 
One data allocation can consist of multiple resource units (PRB) in time. This allows to improve the accuracy of channel estimation by means of interpolation between consecutive DMRSs in time.  On the other hand, the DMRS overhead of consecutive resource units (PRB) in time can be reduced by including DMRS only for a subset of the resource units (PRB) in time
Table 2. Approximated Doppler and Delay spreads of scalable DMRS patterns

	Subcarrier spacing [kHz]
	15
	30
	60
	120
	240

	DMRS minimum  period [us]
	500
	250
	125
	   62,5
	31.25

	Max Doppler Spread  [kHz]
	1
	2
	4
	8
	16

	Max  RMS delay Spread  [ns]
	1000
	500
	250
	120
	60


2.2. DMRS design with extended CP length 

Direct scaling from LTE numerology and 15kHz subcarrier spacing to 60kHz subcarrier spacing leads to short cyclic prefix length (CP length is 1.2us, as indicated in Table 1). If 60 kHz subcarrier spacing is wanted to be deployed in long delay spread channels, this normal CP (NCP) length may become too short and limiting the performance of data reception. Using an extended CP (ECP) the signal transmission can be made more robust to long channel delay spread. However, while extended CP would provide robustness against channel delay spread, additionally dense placement of DMRS symbols in frequency domain may be needed to ensure that channel estimation is not compromised due to too sparse channel measurement points in frequency. On the following, we discuss this issue with link level simulation results for 60 kHz subcarrier spacing with normal and extended CP and with different DMRS patterns. We take eMBB service deployment at 4GHz carrier frequency in TDL-C-1000ns channel as the example case in our simulation study.

To evaluate what is the impact CP length for eMBB throughput performance we transmit short data packets (slot length is 0.125 ms, corresponding to 7 or 6 OFDM symbols in NCP and ECP cases, respectively) and measure the maximum throughput for each SNR value from the used MCS set. We conduct this measurement for a large set of MCS values and different DMRS setups. Figure 2 illustrates the placement of DMRS symbols in one PRB in different cases. Detailed simulation assumptions are given in appendix A.
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Figure 2 Front loaded pilot patterns for 60 kHz subcarrier spacing

Figure 3 shows the achievable throughput with two Tx-Rx antenna configurations (4x4, and 2x2) and with different DMRS patterns. The results indicate that i) with Rank 1 and 2Tx-2Rx antennas ECP provides performance improvement over NCP at high SNR values although it has higher CP overhead, ii) while ECP provides robustness against high delay spread it is also beneficial to place DMRS symbols more densely in frequency domain (i.e., every 2nd subcarrier) than what would be needed with the normal CP case, and iii) with Rank 1 and 4Tx-4Rx antennas the diminishing impact of CP overhead in throughput with ECP is larger than the gain of improved data reception (due to limitations in the used MCS set).
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(a) 4Tx-4Rx antennas
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(b) 2Tx-2Rx antennas

Figure 3 Throughput vs SNR with different RS patterns  (60kHz subcarrier spacing, NCP and ECP, 0.125ms TTI)

2.3. On consideration of adaptive DMRS patterns
In this section, we consider and evaluate DMRS patterns for different numerologies and speed up to 500 Kmph. Figure 4 illustrates four PRB-based DMRS patterns that are mainly distinguishable in terms of resource spacing in frequency and time within a PRB.
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Figure 4 PRB-based DMRS patterns with different spacing in frequency and time

The main motivation for these patterns is to analyze the impact of different properties such as average spacing between DMRS resources in frequency and time and their position with respect to the PRB boundary in different scenarios and study the need for adaptive patterns. DMRS 1 offers the simplicity of equal spacing in both frequency and time. DMRS 2 has resource more closely to the PRB boundary. DMRS 4 has lower overhead since it consists of only 2 resources in frequency domain. DMRS 4 has more frequency OFDM (time-domain symbols) and has a slightly higher overhead in comparison to the rest of the patterns. Figure 5 shows the throughput performance for these four DMRS patterns with subcarrier spacing of 15 kHz and 60 kHz and speed of 30 Kmph, 120 Kmph, 240 Kmph and 500 Kmph. The simulation assumptions are according to the parameters defined in [5]. It should be noted that the performance for very high speed cases (240 Kmph and 500 Kmph) have considerably lower performance since no Doppler compensation is applied in these simulations.
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Figure 5 Throughput vs SNR for DMRS patterns, 2T2R, rank 1, 16QAM-1/2
Based on these results, following observations can be made:
Observation #4: For lower speeds, slight variation in terms of DMRS overhead and spacing do not impact the throughput performance for different numerologies

Observation #5: For higher speeds and small subcarrier spacing (such as 15 kHz), the DMRS pattern with larger overhead performs slightly better than DMRS patterns with smaller overhead

Observation #6: For higher speeds, large subcarrier spacing (such as 60 kHz) performs better with all DMRS patterns in comparison to all the patterns with small subcarrier spacing (such as 15 kHz)
Proposal #3:  Very high speed scenarios could be considered to operate only with larger subcarrier spacing (such as 60 kHz) since it allows to use the single DMRS pattern across all cases and maintain simplicity
3.
Conclusion

In this contribution we discussed about DMRS design to support different numerologies. Based on the discussion we make the following observations and a proposal: 

Observation #1: In order to minimize the complexity impact of multiple numerologies, the DMRS patterns should enable usage of the similar channel estimator at the UE independently from the selected numerology option.

Observation #2: in order to allow the same PRB based DMRS patterns, the size of one physical resource block (PRB) in the terms of number of resource elements need to be common for all numerologies.
Observation #3: in order to allow the same PRB based DMRS patterns, the size of one physical resource block (PRB) in the terms of number of resource elements need to be common for all numerologies.
Observation #4: For lower speeds, slight variation in terms of DMRS overhead and spacing do not impact the throughput performance for different numerologies

Observation #5: For higher speeds and small subcarrier spacing (such as 15 kHz), the DMRS pattern with larger overhead performs slightly better than DMRS patterns with smaller overhead

Observation #6: For higher speeds, large subcarrier spacing (such as 60 kHz) performs better with all DMRS patterns in comparison to all the patterns with small subcarrier spacing (such as 15 kHz)

Proposal #1:  Common PRB -based DMRS patterns are used for all numerologies. 
Proposal 2: Demodulation reference signal sequence should be resource specific in order to allow the construction of demodulation reference without explicit signaling. 

Proposal #3:  Very high speed scenarios could be considered to operate only with larger subcarrier spacing (such as 60 kHz) since it allows to use the single DMRS pattern across all cases and maintain simplicity
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Appendix A: Link level simulation parameters (Extended CP with 60 kHz subcarrier spacing)

Table 3 Link level simulation parameters for 60kHz subcarrier spacing  

	Parameter
	Value

	Carrier frequency
	4GHz

	Active BW 
	12RB, 12 subcarriers per RB

	TTI length
	0.125 ms

	Symbols/TTI
	7(NCP)/6(ECP)

	FFT size
	256

	OFDM symbol duration
	16.67us

	CP duration
	1.17us(NCP)/4.17us(ECP)

	Overhead due to DMRS symbols and increased CP length (ECP case) 
	NCP: 3.6% (RS1), 7.1%(RS2)
ECP: 17.9%(RS1),  21.3%(RS2)  

	Transmission mode
	4x4, rank 1

2x2, rank 1

	MCS
	10 MCS, QPSK/16QAM/64QAM, code rate range[0.33, 0.83]

	Coding
	Turbo

	Channel model
	TDL-C-1000ns, 3km/h

	Channel estimation
	Wiener filter based estimator


8 PRBs, N=4





4 PRBs, N=2





2 PRBs, N=1








� These are just approximate values. The other values may scale accordingly.
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