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Introduction 
This paper discusses one and two OFDM symbol DMRS density design for a seven symbol slot in NR. The actual duration of one slot scales with different sub-carrier spacing. Therefore, the robustness of channel estimation to time varying channels based on a certain DMRS pattern will depend on numerology. Link level simulation results are presented to address link performance with respect to one and two symbol DMRS in the time domain for different numerology- and speed scenarios.   
DMRS density study in NR
DMRS pattern candidates for time domain density evaluation
According to the DMRS positioning principle proposed in [1] and [2], NR should support the DMRS placed at the beginning of one transmission, for supporting early decoding. Futhermore, in order to support reliable channel estimation for high speed (high Doppler spread) scenarios, additional DMRS instances in the later part of the transmission slot might also be needed. Therefore, the trade-off between the channel estimation performance and the DMRS overhead needs to be investigated in detail. In this paper we focus on the follow two patterns:
                            Single DMRS Pattern
Double DMRS Pattern

Figure 1. DMRS patterns with one symbol, and with two symbols
Figure 1, two resource blocks of 12 subcarriers times 7 symbols in one slot are shown with two considered DMRS patterns, respectively. The blue square represents the resource elements where reference signals are located for one layer of transmission. In this example, we choose a comb structure with factor 2 in order to support two layers of DMRS. We note that the comb structure itself is not our focus in the paper, instead we focus on the DMRS density in the time domain. This is guaranteed in simulations by choosing a relatively dense frequency sampling, i.e., comb factor 2, and choosing a relatively frequency flat channel, i.e., delay spread 100ns. Single DMRS is placed at the 2nd symbol of the slot, which reserves the 1st symbol for control information, while the double pattern includes an additional instance of DMRS at the 5th symbol. The principal problems we need to tackle are listed as follows:
1. Single DMRS pattern has the benefit of low overhead and the support for low latency decoding. On the other hand, double DMRS pattern has the advantage of more reliable channel estimates with more processing gain to combat noise pollution in the low SNR regime and sampling gain to deal with high Doppler spread in the high SNR regime, yet with higher overhead. The first problem is therefore if either of the patterns offers uniformly better throughput than the other for all typical use cases. 
2. If the double DMRS pattern needs to be adopted in some scenarios, combining it with low latency decoding shall be considered. Interpolation across the two instances (i.e., the 1st and 5th symbol) is beneficial for channel estimation performance in some scenarios. However, such an estimator structure would imply that the channel estimate valid for the first data symbol can only be finished after receiving the reference symbols at the 5th symbol; this would introduce extra delay in demodulation and also increased need for buffering. For these scenarios, we need to study if early decoding can still be supported if the channel estimator is restricted to only using the channel estimates based on the first DMRS instance until the additional DMRS instance is received. In other words, if the channel estimate based on only the first DMRS symbol is reliable enough until the second instance of DMRS comes in the slot.  
Evaluation results
This section provides link level results with simulation assumptions provided in the Appendix. 
DMRS density configuration in low UE speed scenarios  
In this section, link level results for low UE speed scenarios are presented for the UE speeds 3km/h and 30km/h. Figure 2 shows results with 15kHz sub-carrier spacing and 2GHz carrier frequency. Interpolation across DMRS instances is enabled when double DMRS is used (see discussion on the impact of this assumption in the section above).
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[bookmark: _Ref447020128]Figure 2. Throughput performance based on the single and double DMRS patterns for UE speed 3km/h and 30 km/h. Sub-carrier spacing 15kHz, carrier frequency 2GHz. Number of layers = 2. Ack/Nack based link adaptation. 
Figure 2 above shows the throughput based on two DMRS patterns with low UE speed, with numerology 15kHz and carrier frequency 2GHz. It is shown that the single pattern performs uniformly better than the double DMRS pattern.  Simulation results show that the same trends happen also at numerology 30kHz and carrier frequency 2GHz. For the sake of brevity, the results are not shown here.  
Figure 3 below shows the throughput based on two DMRS patterns for low UE speed scenarios, with numerology 60kHz and carrier frequency 6GHz. 
                                        [image: ] 
Figure 3. Throughput performance based on the single and double DMRS patterns for UE speed 3km/h and 30km/h. Sub-carrier spacing 60kHz, carrier frequency 6GHz.
Based on the above simulations, we have the following observation. 
Observation 1: For low mobility scenarios, e.g., UE speed 3km/h to 30km/h, placing single symbol DMRS early in the transmission provides higher throughput compared with the double DMRS pattern which also includes additional DMRS instances later in the transmission, due to high overhead.
DMRS density configuration in high UE speed scenarios
In this section, we will provide the simulation results in high UE speed scenarios, in which UE speed varies from 60km/h to 350km/h. Results for 2GHz carrier frequency are depicted in Figure 4 and 5, while results shown in Figure 6 refer to 6GHz carrier frequency. 
                                         [image: ]
Figure 4. Throughput performance based on the single and double DMRS patterns for UE speed 60, 120 and 350 km/h. Sub-carrier spacing 15kHz, carrier frequency 2GHz. Number of layers = 2. Ack/Nack based link adaptation.  
Figure 4 shows the throughput comparsion based on the single and double DMRS for high UE speed scenarios. The simulation results suggest that for UE speed 60km/h, the single DMRS offers better throughput than double DMRS for SNR less than 18dB. However, for SNR higher than 18dB, the double pattern provides higher throughput than the single pattern, due to better channel estimation performance. For speed 120km/h, the double pattern offers significant throughput gain at SNR greater than 10dB. For speed 350km/h, the double pattern provides much higher throughput than the single pattern for the whole SNR regime.
							[image: ]	
Figure 5. Throughput performance based on the single and double DMRS patterns for UE speed 60, 120 and 350 km/h. Sub-carrier spacing 30kHz, carrier frequency 2GHz. Number of layers = 2. Ack/Nack based link adaptation. 
							[image: ]
Figure 6. Throughput performance based on the single and double DMRS patterns for UE speed 60, 120 and 350 km/h. Sub-carrier spacing 60kHz, carrier frequency 6GHz. Number of layers = 2. Ack/Nack based link adaptation. 
Figure 5 and 6 show the throughputs by 30kHz and 60kHz numerologies, with carrier frequency 2GHz and 6GHz, respectively. The results show that when UE speed is higher than 120km/h, introducing additional DMRS instance later in the transmission is still necessary. Due to the short symbol duration compared with 15kHz, for UE speed 60km/h, the early one-symbol pattern performs better than the two-symbol pattern for both numerology 30kHz and 60kHz, with carrier frequency 2GHz and 6GHz.   
Based on the simulation results, we have the following observation. 
Observation 2: For short transmission duration, such as a seven symbol slot with 60kHz subcarrier spacing, the effect of channel estimates error due to high Doppler is less visible. However, introducing additional DMRS instances later in the transmission, i.e., adopting the double DMRS pattern, is still preferred to only early DMRS for speed higher than 120km/h. 
Observation 3: For high mobility scenarios, e.g., UE speed higher than 60km/h, dense DMRS pattern starts to provide better throughput compared with early DMRS pattern because of higher accuracy from channel estimation for numerology 15kHz. 
Based on the observation 1-3, we propose the following:
Proposal 1: NR should support configurable patterns which include both an early single symbol DMRS, and a two symbol DMRS distributed in time. 
For low mobility scenarios, it is preferred to use the single DMRS pattern due to its lower overhead and its support to low latency decoding. For high mobility scenarios, it is preferred to adopt the double DMRS pattern in order to obtain reliable channel estimates for better throughput.  
Support of early decoding based on the double DMRS pattern
As proposed in the previous section, double DMRS should be considered in NR for reliable channel estimates across the whole slot. This may include time domain interpolation based on the two intances. However, if the channel estimation is finished after receiving the second instance in the transmission slot, the support of low latency decoding will be lost, and data symbols in advance of the 5th symbol should be buffered for demodulation. In order to support early decoding, it needs to be sufficient to use the early channel estimates during the transmission slot. In particular, when the channel estimates based on the first DMRS instance are used until the second instance is received, after which interpolation based on two instances shall be adopted. In such a way, by potentially compromising channel estimation performance, early decoding can still be supported.  
In this section, an early decoding perspective of using double DMRS pattern is considered. Two types of interpolation methods are considered in simulations, namely, the delayed estimation method which uses both instances for the channel estimation over the whole slot, and the early estimation method which only uses the first channel estimates based on the early DMRS instance. It is important to note that the early estimation method can support early decoding. 
								[image: ]	
Figure 7. Throughput performance with the double DMRS pattern, early decoding or not. Sub-carrier spacing 15kHz, carrier frequency 2GHz. Number of layers = 2. Ack/Nack based link adaptation.  
We observe that for UE speed 60km/h and 120km/h, early decoding can still be supported based on causal channel estimates with relatively acceptable throughput loss, because the first DMRS instance can provide sufficient reliability for channel estimates of the whole slot. 
Observation 4: With the double DMRS pattern, early decoding can still be supported if the reference signal of the first DMRS instance is enough to produce channel estimates with sufficient quality for data demodulation. 
We have the following proposal: 
Proposal 2: Low latency decoding perspective should be emphasized in NR when evaluating DMRS patterns. 
Conclusions
In section 3, the following observations have been made based on simulation results:
Observation 1: For low mobility scenarios, e.g., UE speed 3km/h to 30km/h, placing single symbol DMRS early in the transmission provides higher throughput compared with the double DMRS pattern which also includes additional DMRS instances later in the transmission, due to high overhead.
Observation 2: For short transmission duration, such as a seven symbol slot with 60kHz subcarrier spacing, the effect of channel estimates error due to high Doppler is less visible. However, introducing additional DMRS instances later in the transmission, i.e., adopting the double DMRS pattern, is still preferred to only early DMRS for speed higher than 120km/h.     
Observation 3: For high mobility secnarios, e.g., UE speed higher than 60km/h, dense DMRS pattern starts to provide better throughput compared with early DMRS pattern because of higher accuracy from channel estimation for numerology 15kHz. 
Observation 4: With the double DMRS pattern, early decoding can still be supported if the reference signal of the first DMRS instance is enough to produce channel estimates with sufficient quality for data demodulation. 

Based on the above observations, we proposed the following: 
Proposal 1: NR should support configurable patterns which include both an early single symbolDMRS, and a two symbol DMRS distributed in time.
Proposal 2: Low latency perspective should be emphasized in NR when evaluating DMRS patterns.
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Appendix
Simulation assumptions
	Parameter
	Value

	Channel Model
	TDL-A

	Numerology
	15kHz, 30kHz, 60kHz

	Carrier frequency
	2GHz, 6GHz

	Transmission Slot Length
	7 symbols

	UE speed 
	3, 30, 60, 120, 350km/h

	Delay spread
	100ns

	Allocated bandwidth
	40 PRBs

	Link Adaptation
	Enabled

	Antenna configuration
	2Tx, 2Rx

	Channel estimator
	Practical LMMSE



Early and delayed channel estimation illustration
The channel estimator we adopted in the simulation is the cascade frequency domain and time domain LMMSE estimator. The major difference of early and delayed channel estimation comes from the time domain interpolation approach shown below. The early estimation will use the same channel estimate based on the reference symbol at the 2nd symbol for the symbols 3 and 4 until the additional reference symbol is received for the channel estimation at symbol 6 and 7. On the other hand, the delayed estimation has to wait until both symbols are received, so that the channel estimates at symbol 3, 4, 6, and 7 are interpolated together based on both reference symbols. In the below figure, the blue and brown color at the 2nd and 5th symbol represent two respective reference symbols. The blue color at other positions represents the channel estimates are the same as at the 2nd symbol. The light brown color respresents estimates based on two reference symbols as explained above. The first symbol is reserved for control information that is not considered in the DMRS-based channel estimation process.  
Early estimation in time domain

Delayed estimation in time domain
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