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1
Introduction
In RAN1 #82bis meeting the consensus was that simply reusing UL DMRS does not give sufficient support for PC5-based V2V communication. It was agreed that   
Agreements:
· The following observation is captured in TR: “DMRS needs to be enhanced for PC5-based V2V”

· Baseline: SC-FDM is used for V2V transmission in each physical channel

· Enhancement at least includes:

· Increase DMRS density to reduce time interval between DMRS sequences

· Enhance DMRS structure to increase frequency offset compensation range

· Study at least the following DMRS structure:

· Reuse PUSCH DMRS

· Other options are not precluded, i.e., 

· PUSCH DMRS with Comb (similar as structure of SRS)

· New DMRS patterns spread over time and frequency, that may be frequency multiplexed with DFT-precoded data at least in some symbols

· Increased subcarrier spacing

· All options should solve any complexity and standardization impact including analysis of frequency synchronization accuracy

In this document we discuss the requirements and compare the alternatives that were presented in RAN1 #82bis.   
2
Discussion
2.1 Requirement  
The main target is to support V2V communication at 6GHz carrier frequency with UE speeds of up to 140km/h, i.e. up to 280 km/h relative speeds. It is assumed that UEs fix their oscillators to external sources (GNSS or GNSS-equivalent signals or eNBs) meaning that four sources of frequency offsets may exist as listed in Table 1: (1) frequency offsets of synchronization sources, (2) Doppler shifts due to UEs motion with respect to their synchronization sources, (3) synchronization errors, and (4) Doppler shifts due to the relative motion of the UEs.  
When all the errors of Table 1 happen to sum up in the worst possible way, a very significant 0.92 ppm (i.e. 5.5 kHz at 6GHz) frequency offset results. However, as such an offset would appear only in very special situations, it is not reasonable to base DMRS design for supporting the rare cases with so large offset. Furthermore, in [1] we assume that vehicles are equipped with GNSS receivers and that GNSS or GNSS-equivalent signals are used as synchronization source whenever possible. This would mean that offsets larger than 0.46ppm i.e. 2.8 kHz at 6GHz would be rare. Hence, we propose that:
Proposal 1: Enhanced DMRS design is targeted for supporting frequency offsets of 2.8 kHz.
The offset of 2.8 kHz is sufficient even when we consider extension of V2V operation to V2P: pedestrians may not have their devices synchronizing to GNSS signals all the time but their speeds are negligible compared to that of vehicles in the situations where the high Doppler effect is relevant.
Table 1: Sources of frequency offsets

	Error source
	Maximum offset

	Offsets between synchronization sources
	Up to +/-0.1 ppm between wide area eNBs [2]
Up to +/-0.2 ppm between medium range or local area eNBs [2]
Negligible for GNSS and GNSS-equivalent

	Doppler shift due to UEs motion relative to their synchronization sources
	When sources are eNBs: +/-0.13 ppm per UE i.e. up to +/-0.26 ppm offset between UEs.

Negligible when the source is GNSS or GNSS-equivalent

	Synchronization error
	+/- 0.1 ppm per UE both for GNSS or eNB as a source i.e. up to +/- 0.2 ppm offset between UEs 

	Doppler shifts due to UEs’ relative motion
	+/-0.26 ppm


2.2 Comparison of the proposed enhancements on DMRS
In Table 2 we compare in various aspects the DMRS enhancements which were discussed in RAN1#82bis and which we consider most relevant. In the table, the reference signal overhead is calculated assuming that the last symbol of a subframe is used as a guard period and the first symbol is counted as being useful for decoding, although in practice it would sometimes be at least partly lost for AGC settling.
Increased density of current DMRS signals
Apparently the simplest way to improve performance under large frequency offsets would be to increase the number of reference symbols. The frequency offset of Δf = 2.8 kHz would require reducing the reference symbol separation below 1/(2Δf) = 0.18 ms which is less than three SC-FDMA symbols. Therefore, increasing the number of reference signals from two to four per subframe with equidistant placement would not be sufficient, but we would need to go to six reference symbols per subframe, which would mean considerably increased reference signal overhead. 
4 DMRS per 1ms with comb structure
In this design, the reference signals are transmitted like for SRS and modifications on the receiver side would be relatively simple. Comb structure (repetition in time domain) allows estimation of very high frequency offsets.     

Increased subcarrier spacing
Shortening of the symbols would increase DMRS density without overhead increase if the CP lengths were scaled shorter, too. However, it is not clear if it is possible to shorten the short CPs by a factor of two or four for the target PC5 V2V scenarios, which would be the consequence of increasing the subcarrier spacing to 30 and 60 kHz subcarrier spacing, respectively. Hence, for simple numerology modification the starting point could be the frame structure with long CP, which could still lead to CP comparable with short CP in legacy carrier or larger. The alternatives that are sufficient for supporting 2.8 kHz frequency offsets are four DMRS per 0.5 ms with subcarrier spacing of 30 kHz and two DMRS per 0.25 ms with subcarrier spacing of 60 kHz. Assuming scaling from the subframe structure with long CP, the 30 kHz alternative would mean larger overhead than four DMRS with comb structure because with the comb structure the short CP would be available.   

Increasing subcarrier spacing would allow shorter TTI and smaller subcarrier orthogonality loss with post FFT frequency offset compensation. According to [8], the 15 kHz subcarrier spacing leads to about 1 dB orthogonality loss, compared with 30 kHz or 60 kHz subcarrier spacing at 2.7 kHz frequency offset. FDM multiplexing of V2V communication and UL resources on the same carrier could be inefficient because of large guard bands, but dedicated V2V carriers could be typical anyway because of capacity needs or for supporting V2V with multiple operators.       
2H reference signals and OFDM
The above three methods are based on single carrier transmission while 2H reference signal leads to PAPR that is intermediate between single carrier and OFDM signals. This is achieved by interleaving DFT precoded data with pilot tunes in the input of IFFT, which means more complex transmitter and receiver than with OFDM. Considering the reference signal overhead, the modulation system used for 2H reference signal is in practice as flexible as OFDM because, instead of maintaining reference signals in the same tunes in all the symbols, the number of the pilot tunes and their position can be changed from symbol to symbol, still maintaining the PAPR benefit compared to OFDM.      
Table 2: Comparison of DMRS enhancements discussed in RAN1 #82bis 

	
	tolerance of 2.8kHz offset
	CM/PAPR
	DMRS overhead 
	complexity
	notes

	4 DMRS per 1ms 
e.g. [3], [4], [5]
	insufficient
	single carrier
	 31%
	simple modification
	

	4 DMRS per 1ms with comb structure
[6], [7]
	sufficient
	single carrier
	31%
	simple modification
	Comb allows simple frequency offset estimation.

	30kHz subcarrier spacing + 2DMRS/0.5ms

or

60k/Hz subcarrier spacing + 2DMRS/0.25ms
[8]
	insufficient

sufficient
	single carrier
	15% (short CP) or 18% (long CP)
15% (short CP) or 18% (long CP)
	new numerology
	Slot structure with long CP might be necessary as a starting point in order to maintain sufficient CP length after scaling down all the lengths by a factor of 2 or 4. 
Delay benefit due to shorter subframes.

Larger subcarrier spacing means smaller subcarrier orthogonality loss due to frequency offsets. 

	2H reference signals
[9]
	excellent
	between single carrier and OFDM 
	15% if included in every symbol
	mixture of SC-FDMA + OFDMA, some new TX and RX processing
	

	OFDM
[10], [11]
	excellent
	OFDM
	flexible
	new UE TX processing
	


Based on the discussion above and on the comparisons in Table 2 we make the following observations: 
Observation 1: As even 4 of the current DMRS symbols per subframe is not sufficient, the simplest method of adding DMRS symbols might lead to too large reference signal overhead, which is particularly problematic for high density scenarios, where collisions are the main source of performance degradation.
Observation 2: The simplest method fulfilling the requirement of Proposal 1 with reasonable reference signal overhead is 4 DMRS with comb structure. 
Observation 3: When compared to increasing the subcarrier spacing to 60 kHz, 2H reference signals, or OFDM, the DMRS with comb structure loses less than 1 dB due to larger reference signal overhead. Here we assume that we cannot go below 15% reference signal overhead with OFDM. 
Observation 4: When considering coverage, better PAPR more than compensates the larger reference signal overhead of the DMRS with comb structure when compared to 2H reference signals or OFDM. The actual benefit of better PAPR should be studied by system level simulations.
Observation 5: Increasing the subcarrier spacing to 60 kHz would bring performance benefits compared with the other methods but the complexity related to the new numerology should be analyzed carefully, especially considering the scenario where V2V is sharing same legacy carrier as Uu. 
As a conclusion we note that 4 DMRS with comb structure could allow reasonable performance with acceptable specification and implementation effort.     
3
Conclusion
The most relevant situation in V2V communication is that vehicles are synchronizing to GNSS signals. In this case the synchronization errors and vehicles’ relative motion may lead to synchronization offsets up to 2.8 kHz at 6 GHz, and we propose that: 

Proposal 1: Enhanced DMRS design is targeted for supporting frequency offsets of 2.8 kHz.
Our observations on the most relevant methods for enhancing DMRS are:

Observation 1: As even 4 of the current DMRS symbols per subframe is not sufficient, the simplest method of adding DMRS symbols might lead to too large reference signal overhead, which is particularly problematic for high density scenarios, where collisions are the main source of performance degradation.
Observation 2: The simplest method fulfilling the requirement of Proposal 1 with reasonable reference signal overhead is 4 DMRS with comb structure. 

Observation 3: When compared to increasing the subcarrier spacing to 60 kHz, 2H reference signals, or OFDM, the DMRS with comb structure loses less than 1 dB due to larger reference signal overhead. Here we assume that we cannot go below 15% reference signal overhead with OFDM. 

Observation 4: When considering coverage, better PAPR more than compensates the larger reference signal overhead of the DMRS with comb structure when compared to 2H reference signals or OFDM. The actual benefit of better PAPR should be studied by system level simulations.
Observation 5: Increasing the subcarrier spacing to 60 kHz would bring performance benefits compared with the other methods but the complexity related to the new numerology should be analyzed carefully, especially considering the scenario where V2V is sharing same legacy carrier as Uu. 
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