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Introduction
[bookmark: _Ref178064866]In this contribution, we provide further evaluations for DMRS in DL and UL. The evaluation has been focused on the following key items:
· Confirm of the working assumption made in RAN1 NR AH3 [1] 
·  Working assumption
· For broadcast/multicast PDSCH (other than PBCH): support using the front-load DMRS Configuration 1
· FFS: Whether the above applies for unicast PDSCH transmission before RRC connection 
· Provide further simulations for the applicable subcarrier spacing for the 4-symbol DMRS pattern
· Agreement
· For 1-symbol front loaded DMRS, three additional DMRS symbols may be configured for slot-based transmissions
· FFS: The applicable subcarrier spacing for the three additional DMRS will be finalized in RAN1#91 
· UL front-loaded only DMRS under frequency offset
· Investigate the tolerant frequency synchronization error level and reveal the importance of scheduling additional DMRS or PTRS for frequency synch purpose
· [bookmark: _GoBack]UL DMRS starting symbol position for mobility
Our key observations are listed in the following:
· Confirm the WA from RAN1 NR AH3. 
· Type-1 provides the best performance for broadcast/multicast PDSCH before RRC connection
· Type-1 provides the best performance for unicast PDSCH for RRC messages
· Type-1 with 1+1+1 DMRS pattern is the first candidate to be used for PDSCH as the default DMRS pattern
· The applicable subcarrier spacing for the 1+1+1+1 DMRS pattern
· Should at least include 15kHz and 30kHz
· There is limited application for 1+1+1+1 DMRS pattern at 60kHz, using 4GHz carrier
· Using only front-load DMRS for PUSCH is not sufficient due to the degradation of the common frequency offset (CFO)
Further evaluations of DMRS patterns for broad-/multi-/unicast
In RAN1 NR AH3, the following working assumption has been made regarding the DMRS pattern before RRC connection.
· Working assumption
· For broadcast/multicast PDSCH (other than PBCH): support using the front-load DMRS Configuration 1
· FFS: Whether the above applies for unicast PDSCH transmission before RRC connection 
In this section, we will provide further evaluation results to confirm the WA.
Further evaluations of DMRS for broadcast
In this section, we compare the DMRS configurations for broadcast, which are not pre-coded. Because the DMRS for aiding system information blocks need to be rather robust against SNR, Doppler and frequency selectivity, we will compare multiple-symbol DMRS patterns based on configuration-1, 2 and 3 as shown in the figure below.
[image: ]
Figure 1 Candidates of DMRS pattern for broad/multi/unicast PDSCH

In RAN1 AH3, most of the evaluations have been focused on the extremely worst-case channel, for instance, 1000ns delay spread and 500kmh speed. In this contribution, we will target on a more common-case channel, for example, with UE speed 60kmh and 120kmh. We aim to evaluate that:
· Will it be sufficient for type-1 and type-2 to provide reliable channel estimation in these scenarios, in other words, will it be necessary to introduce a new type-3 pattern for only limited transmission scenarios, namely, for broadcast PDSCH?
· If type-1 and type-2 are sufficient, which one provides better performance?
[bookmark: _Hlk494469659]The detailed simulation parameters are as follows. 
TDL-C channel model with 1000ns RMS delay spread is used in the simulations. The number of Tx and Rx antennas are 2 and 2, respectively. The sub-carrier spacing is 30kHz. The carrier frequency is 4GHz. UE speeds are 60km/h and 120km/h, respectively. A fixed payload 250bits, which corresponds to the typical value for RMSI, are transmitted using QPSK, rank-1, and 12 PRBs in the transmission. Depending on different overhead of DMRS, the code rate is adjusted in each transmission with fixed payload. Practical LMMSE channel estimator is used. 
Evaluations of DMRS for broadcast, 60kmh
[bookmark: _Hlk494627142][image: ]Figure 2 BLER comparison of type-1, 2 and 3 DMRS for broadcast, 60kmh
When simulating type-1 pattern, we also compare the performance of the option which no data has been multiplexed with DMRS in the same symbol. Therefore, there will be a 3dB power boosting in order to match the total power of each DMRS symbol. 
Observation 1 [bookmark: _Toc498346168][bookmark: _Toc498346627][bookmark: _Toc492554463][bookmark: _Toc492554530]At 60kmh, all the studied patterns have similar performance at BLER 10^(-2). Using type-1 DMRS configuration (with or without multiplexing of data) provides the matching performance compared with type-3. Type-2 has approximately 0.1dB loss compared with other patterns.
Evaluations of DMRS for broadcast, 120kmh
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Figure 3 BLER comparison of type-1, 2 and 3 DMRS for broadcast, 120kmh

Observation 2 [bookmark: _Toc498346169][bookmark: _Toc498346628]At 120km/h, type-1 without multiplex data and type-3 have nearly identical performance, both of which provide the best BLER performance at 10^(-1).
Further evaluations of DMRS for unicast RRC messages
In this section, we provide evaluation results for unicast DMRS patterns. The simulation parameters are illustrated in the following. 
TDL-C channel model with 1000ns RMS delay spread is used in the simulations. The number of Tx and Rx antennas are 2 and 2, respectively. The sub-carrier spacing is 30kHz. The carrier frequency is 4GHz. UE speeds are 60km/h, 120km/h and 500km/h, respectively. A fixed payload 500 bits, which is a typical value for RRC messages, are transmitted using QPSK, rank-1, and 24 PRBs in the transmission. Depending on different overhead of DMRS, the code rate is adjusted in each transmission with fixed payload. Practical LMMSE channel estimator is used. 
We note that for larger size of RRC messages, it is common that the scheduled bandwidth scales proportionally with the message size, while keeping the code rate constant. 
Evaluations of DMRS for unicast, 60kmh
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Figure 4 BLER comparison of type-1, 2 and 3 DMRS for unicast, 60km/h
Observation 3 [bookmark: _Toc498346170][bookmark: _Toc498346629]At 60kmh, all the studied patterns have nearly the same performance at BLER 10^(-2). 
Evaluations of DMRS for unicast, 120kmh
[image: ]
Figure 5 BLER comparison of type-1, 2 and 3 DMRS for unicast, 120km/h

Observation 4 [bookmark: _Toc498346171][bookmark: _Toc498346630]At 120km/h, type-1 without data multiplexing performs nearly identical to type-3, both of which provide the best performance at BLER 10^(-2).
Evaluations of DMRS for unicast, 500kmh
[image: ]
Figure 6 BLER performance comparison: configuration-1, configuration-2 and configuration-3 for 3 DMRS instances, 24 RB allocation, 500 bits payload, 500km/h, 1000 ns delay spread

Observation 5 [bookmark: _Toc498346172][bookmark: _Toc498346631]At 500km/h, type-1 without multiplexing data provides identical performance to type-3. Both of them provide the best BLER performance at BLER 10^(-2), which is approximately 0.7 dB better compared to the type-1 and type-2 with data multiplexed. 
Observation 6 [bookmark: _Toc498346173][bookmark: _Toc498346632]For all the simulated scenarios, type-1 without multiplexing data is able to match the BLER performance provided by type-3. Therefore, there is no need to introduce a new pattern for unicast PDSCH other than the agreed configurations, particularly, type-3. 
Based on the above observations, it is sufficient to motivate the priority of type-1 based DMRS pattern for broadcast and unicast PDSCH for RMSI and RRC messages, respectively. 
Comparison of 1+1+1 and 1+1+1+1 DMRS for unicast RRC messages
In this section, we provide further evaluations to down select DMRS patterns for PDSCH carrying RRC messages. From the last section we have observed that the type-1 pattern with 1+1+1 DMRS provides nearly equal BLER performance as that of type-3. Therefore, it is unnecessary to introduce a new type, namely, type-3 for only PDSCH before RRC. In this section, we will add more patterns for comparison. We shall find out if type-1 DMRS with 2-additional symbols or the type-1 with 3-additional symbols should be used for the default DMRS pattern before RRC connection. The DMRS patterns that are evaluated are illustrated in Figure 7. Simulations are carried out using the same setting as the previous section. Code rates are adjusted to different overhead of DMRS patterns with a fixed payload 500bits per block.   
[image: ]
[bookmark: _Ref498345564][bookmark: _Ref498345558]Figure 7 DMRS candidates for evaluations, type-1 3 and 4-symbol pattern, type-2 and type-3
[image: ]
Figure 8 BLER performance comparison: configuration-1, configuration-2 and configuration-3 24 RB allocation, 500 bits payload, 500km/h, 1000 ns delay spread
Observation 7 [bookmark: _Toc498346264][bookmark: _Toc498346633]Type-1 with 2 additional DMRS symbols when not multiplexed with data provides the best BLER performance among all the candidates. Therefore, type-1 with 1+1+1 DMRS pattern should be used as the default DMRS. 
3- and 4-symbol distributed DMRS evaluations for different numerologies
In this section, we will provide evaluations to find out the applicable subcarrier spacing for the 4-symbol distributed DMRS. We will primarily target on the high-speed scenarios, for instance, 500km/h, using different numerologies from 15kHz to 60kHz. The investigated DMRS patterns are illustrated as follows:  
[image: ]
Figure 9 DMRS patterns for high speed: type-1, 3 and 4 symbols distributed DMRS
Subcarrier spacing 15kHz, carrier frequency 2GHz
The following simulation is carried out under the following setting:
	Numerology
	Subcarrier spacing 15kHz, carrier frequency 2GHz

	LA
	Practical Link Adaptation

	Transmission rank
	4

	Channel
	TDL-C channel, 100ns delay spread

	DMRS type
	3 and 4-symbol distributed DMRS

	UE speed
	350, 500km/h

	Antenna
	Tx4, Rx4

	Estimator
	Practical LMMSE



[image: ]
Figure 10 Throughput using link adaptation, 3-symbol vs 4-symbol DMRS

Observation 8 [bookmark: _Toc498346174][bookmark: _Toc498346634]Using 15kHz subcarrier spacing and 2GHz carrier frequency, it is necessary to use the 4-symbol distributed DMRS pattern for higher throughput for high speed users, e.g., 350km/h and 500km/h. 
Subcarrier spacing 30kHz, carrier frequency 4GHz
The following simulation is carried out under the following setting:
	Numerology
	Subcarrier spacing 30kHz, carrier frequency 4GHz

	LA
	Practical Link Adaptation

	Transmission rank
	4

	Channel
	TDL-C channel, 100ns delay spread

	DMRS type
	3 and 4-symbol distributed DMRS

	UE speed
	350, 500km/h

	Antenna
	Tx4, Rx4

	Estimator
	Practical LMMSE



[image: ]
Figure 11 Throughput using link adaptation, 3-symbol vs 4-symbol DMRS

Observation 9 [bookmark: _Toc498346175][bookmark: _Toc498346635]Using 30kHz subcarrier spacing and 4GHz carrier frequency, it is necessary to use the 4-symbol distributed DMRS pattern for higher throughput for high speed users, e.g., 350km/h and 500km/h. 
Subcarrier spacing 60kHz, carrier frequency 4GHz
The following simulation is carried out under the following setting:
	Numerology
	Subcarrier spacing 60kHz, carrier frequency 4GHz

	LA
	Practical Link Adaptation

	Transmission rank
	4

	Channel
	TDL-C channel, 100ns delay spread

	DMRS type
	3 and 4-symbol distributed DMRS

	UE speed
	350, 500km/h

	Antenna
	Tx4, Rx4

	Estimator
	Practical LMMSE



[image: ]
Figure 12 Throughput using link adaptation, 3-symbol vs 4-symbol DMRS
Observation 10 [bookmark: _Toc498346176][bookmark: _Toc498346636]Using 60kHz subcarrier spacing and 4GHz carrier frequency, 4-symbol distributed DMRS pattern is not preferred due to higher overhead and shorted symbol duration for high speed users, e.g., 350km/h and 500km/h. 
Observation 11 [bookmark: _Toc498346177][bookmark: _Toc498346637]For subcarrier spacing 15kHz and 30kHz, 4-symbol distributed DMRS can be applicable. 
UL DMRS evaluations
In this section, we will provide evaluations focusing on two aspects:
· UL demodulation tolerance to the common frequency offset (CFO) in the presence of front-loaded DMRS
· UL DMRS starting position for PUSCH starting from the first symbol in the slot
UL evaluations in the presence of common frequency offset (CFO)
In the company paper [2], we have discussed the importance of CFO estimation in the UL transmission. Compared with the LTE UL solution that there will always be 2 DMRS symbols distributed in the 4th and 11th symbol for the potential of CFO estimation, we proposed two alternatives:
· Configure PTRS in a PUSCH transmission
· Configure an additional DMRS in the PUSCH
In the following simulations, we provide evidence that UL CFO is enable to cause serious performance degradation, which motivates our proposal further. We will evaluate the demodulation performance of the PUSCH transmission using only front-loaded DMRS, as shown in the figure below, in the presence of CFO corresponding to 0%, 0.1%, 0.5%, and 1% of the subcarrier spacing, respectively. The simulations have been carried out under the following setup parameters:

	Numerology
	Subcarrier spacing 15kHz, carrier frequency 2GHz

	MCS
	(QPSK, 3/4), (QAM16, 3/4), and (QAM64, 3/4)

	Transmission rank
	1

	Channel
	TDL-C channel, 300ns delay spread

	DMRS type
	Front loaded DMRS based on type-1

	UE speed
	3km/h

	Antenna
	Tx4, Rx4

	CFO
	0, 15, 75, 150 Hz

	Estimator
	Practical LMMSE



[image: ]
Figure 13 DMRS type-1 for UL PUSCH CFO evaluations

Base on the BLER performance shown in Figure, we have the following observation:
Observation 12 [bookmark: _Toc498346178][bookmark: _Toc498346638]Even 0.5% of subcarrier spacing CFO introduces serious BLER performance degradation for PUSCH with only front-loaded DMRS. 
[image: ]
Figure 14 BLER performance comparison with different CFO level
Our simulation results match the tracking reference signal (TRS) evaluations in the company paper [3], from a different perspective. In [3], it is shown that when frequency synch-error based on TRS is higher than 0.5% of the subcarrier spacing, the throughput will degrade notably compared to the ideal case. Therefore, the frequency synchronization error 0.5% of the subcarrier spacing can be targeted as the baseline for synchronization performance. Because if only front-loaded DMRS is present, it is not sufficient to provide estimation and correction on the frequency error, our proposal on triggering additional DMRS or PRTS in PUSCH should be considered.  
UL front-loaded DMRS starting position
In the company paper [2], we have proposed for the PUSCH which starts at the first symbol of the slot, the front-loaded DMRS starts at the 3rd symbol, for the purpose of symmetric UL and DL DMRS design. In this section, we provide evaluations to compare different starting position of the front-loaded DMRS for PUSCH. The patterns for evaluations are illustrated in Figure 15. 

[image: ]
[bookmark: _Ref494715781]Figure 15 Front loaded DMRS positions, symbol 0, 2 and 3

The simulations are carried out under the following setting:
	Numerology
	Subcarrier spacing 30kHz, carrier frequency 2GHz

	MCS
	(QPSK, 3/4), (QAM16, 0.5), (QAM16, 3/4), and (QAM64, 5/6)

	Transmission rank
	4

	Channel
	TDL-C channel, 300ns delay spread

	DMRS type
	Front loaded DMRS based on type-1, 2-symbol distributed 

	UE speed
	90km/h

	Antenna
	Tx4, Rx4

	Estimator
	Practical LMMSE


We present the BLER and channel estimation performance in the figures below. 
[image: ]
Figure 16 BLER performance based on different DMRS starting position
[image: ]
Figure 17 Channel estimation error performance based on different DMRS starting position

Observation 13 [bookmark: _Toc498346179][bookmark: _Toc498346639]For distributed DMRS in the UL, placing the front-loaded DMRS at symbol 0, 2, or 3 provide similar BLER performance at 10^(-1).
Observation 14 [bookmark: _Toc498346180][bookmark: _Toc498346640]For distributed DMRS in the UL, placing the front-loaded DMRS at symbol 0, 2, or 3 have negligible difference on the mean channel estimation error. 
Conclusions
In this contribution, we made the following observations:
Observation 1	At 60kmh, all the studied patterns have similar performance at BLER 10^(-2). Using type-1 DMRS configuration (with or without multiplexing of data) provides the matching performance compared with type-3. Type-2 has approximately 0.1dB loss compared with other patterns.
Observation 2	At 120km/h, type-1 without multiplex data and type-3 have nearly identical performance, both of which provide the best BLER performance at 10^(-1).
Observation 3	At 60kmh, all the studied patterns have nearly the same performance at BLER 10^(-2).
Observation 4	At 120km/h, type-1 without data multiplexing performs nearly identical to type-3, both of which provide the best performance at BLER 10^(-2).
Observation 5	At 500km/h, type-1 without multiplexing data provides identical performance to type-3. Both of them provide the best BLER performance at BLER 10^(-2), which is approximately 0.7 dB better compared to the type-1 and type-2 with data multiplexed.
Observation 6	For all the simulated scenarios, type-1 without multiplexing data is able to match the BLER performance provided by type-3. Therefore, there is no need to introduce a new pattern for unicast PDSCH other than the agreed configurations, particularly, type-3.
Observation 7	Type-1 with 2 additional DMRS symbols when not multiplexed with data provides the best BLER performance among all the candidates. Therefore, type-1 with 1+1+1 DMRS pattern should be used as the default DMRS.
Observation 8	Using 15kHz subcarrier spacing and 2GHz carrier frequency, it is necessary to use the 4-symbol distributed DMRS pattern for higher throughput for high speed users, e.g., 350km/h and 500km/h.
Observation 9	Using 30kHz subcarrier spacing and 4GHz carrier frequency, it is necessary to use the 4-symbol distributed DMRS pattern for higher throughput for high speed users, e.g., 350km/h and 500km/h.
Observation 10	Using 60kHz subcarrier spacing and 4GHz carrier frequency, 4-symbol distributed DMRS pattern is not preferred due to higher overhead and shorted symbol duration for high speed users, e.g., 350km/h and 500km/h.
Observation 11	For subcarrier spacing 15kHz and 30kHz, 4-symbol distributed DMRS can be applicable.
Observation 12	Even 0.5% of subcarrier spacing CFO introduces serious BLER performance degradation for PUSCH with only front-loaded DMRS.
Observation 13	For distributed DMRS in the UL, placing the front-loaded DMRS at symbol 0, 2, or 3 provide similar BLER performance at 10^(-1).
Observation 14	For distributed DMRS in the UL, placing the front-loaded DMRS at symbol 0, 2, or 3 have negligible difference on the mean channel estimation error.
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