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Introduction
At the RAN#80 meeting, the study item on NR V2X was approved [1]. Study of technical solutions for sidelink design is one of the major study item objective:
	NR V2X SI Objective 1:
Sidelink design [RAN1, RAN2]:
· Identify technical solutions for a NR sidelink design to meet the requirements of advanced V2X services, including
· Study the support of sidelink unicast, sidelink groupcast and sidelink broadcast
· Study NR sidelink physical layer structures and procedure(s)
· Study sidelink synchronization mechanism
· Study sidelink resource allocation mechanism (also including objective 3)
· Study sidelink L2/L3 protocols


In this contribution, we focus on NR sidelink physical layer structures and procedures for eV2X use cases. Our views on other NR-V2X design aspects are summarized in companion contributions [8] – [15]. The discussion is mainly focusing on Frequency Range 1 (FR1) and a carrier frequency in the Intelligent Transportation Systems (ITS) band at 5.9 GHz. The general arguments and considerations are also valid for FR2 and other FR1 bands as well. However, it always needs to be ensured that there is a parametrization of the system offering sufficient performance for all bands currently considered for NR, as there is the possibility that these frequency could be used for NR V2X. 
Sidelink Frame Structure Considerations
Sidelink Slot Format
Considering that sidelink development for eV2X or other use cases may continue evolve in future releases, the possibility to operate with different slot formats is beneficial from forward compatibility perspective and therefore should be considered from the first release. Another important consideration on slot structure is whether sub-slot level channel access as well as sub-slot level sidelink transmission should be allowed (i.e. min granularity in time for channel access and sidelink resource). The more consideration on this topic is provided in our companion contribution [9].
Sidelink Numerology and Cyclic Prefix
Subcarrier Spacing 
There are multiple aspects to consider regarding the Subcarrier Carrier Spacing (SCS). The main points that in our opinion should be considered are:
Transmission at higher Doppler spread leads to channel changes within an OFDM symbol and thus Inter Carrier Interference (ICI) due to the resulting loss of orthogonality among the Subcarrier Carriers (SCs). For high speed this will definitely limit the performance, especially for low SCS values such as 15 kHz.
The 15 kHz SCS of LTE in combination with high speed led to a large reference signal overhead to cope with channel variation in time. For a larger SCS the symbol duration is smaller, therefore to reach a similar or better channel estimation quality does require a smaller overhead.
As the SCS increases the number of OFDM symbols per second is getting larger. Thus, if the requirement on the Cyclic Prefix (CP) length does not change, the CP overhead increases. This is related to the discussion on the CP length in the next subsection.
The larger the SCS the smaller the number of PRBs in a given BW. This means the Frequency Domain Multiplexing (FDM) capability of a system with the same bandwidth is getting less. The PSCCH overhead does also need to take this aspects into account.
Finally, the larger the SCS the shorter symbol duration and thus lower radiated energy per symbol duration that will lead to reduced link budget for slot level transmission.
Based on discussion, we do not see much motivation to support multiple numerologies for NR-V2X sidelink communication, especially in the ITS band. Therefore, using a single numerology for sidelink eV2X in FR1 is the preferred option and therefore we propose to consider the specific value for SCS rather than defining support for multiple SCS.



For the selection of the SCS there are some fundamental limits to consider. In a high speed scenario the channel might change within an OFDM symbol. Therefore, the assumption that the linear convolution can be converted to a circular convolution via the cyclic prefix and diagonalized by the DFT matrix is not any longer satisfied and if we consider the average channel for each OFDM symbol, this imperfection leads to Inter-Carrier Interference (ICI). Mathematically the ICI term  on subcarrier  and OFDM symbol   can be modeled as



  ,



where ,  and   are the received signal, transmit signal and average channel, respectively. Since the channel changes inside an OFDM symbol, we take the average of the channel to represent the interference-free portion of the signal.  In this case, we chose to evaluate ICI instead of BLER as it is independent of the employed reference symbol structure and channel estimation scheme. From the results in Figure 1 we see that 30 kHz provide sufficient SINR performance to support 64-QAM even at high speed. The boundaries for the different modulation formats are calculated according to the EVM requirements in [1] section 6.4.2.1. The simulation assumptions for the evaluation in Figure 1 and Figure 2 are given in Appendix A. As this results only show the SINR, we accompany it by a simulation showing the SINR at which 10% BLER is achieved for the different modulation formats and a coding rate of 0.9 in Figure 2. This simulation is performed under the idealistic assumption of perfect channel knowledge at the receiver, to prevent an influence of the reference signal pattern or the estimation algorithm on the result. Therefore, this result can be considered to be fundamental limits of the system. 
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[bookmark: _Ref525748220]Figure 1 ICI evaluation at different speed.
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[bookmark: _Ref525749146]Figure 2 SNR at which 10 % BLER can be achieved dependent on the relative speed.
Cyclic Prefix
In NR, the CP scales with the SCS and per SCS there are only two options: normal and extended CP. There are a number of important design aspects that need to be taken into account to ensure a proper operation of the system in all possible scenarios:
· In contrast to a base station controlled transmission like in UL there is no timing advance signaling at sidelink to align the timing at which the signals from different devices are received. Therefore, the signal from different devices could experience a significant time difference at the receiver. Assuming the maximum distance between two devices transmitting in the same TTI is 0.5 km and full time synchronization of the devices, we have in the worst case a delay of   between the signals from two users arriving at the receiver. If we assume a simplified scenario with free space propagation, one device transmitting at a distance of 50m and another from a distance of 0.5 km, than the receive power difference between these two devices is about 20 dB. If for example the transmission of these devices are frequency domain multiplexed into different parts of the band, a receiver should be capable of covering the signal dynamics of both devices. 
· If we assume that synchronization is still based on various sources including GNSS, gNB and SLSS, we can assume that the synchronization of different devices is not perfect, this is an additional aspect that needs to be taken into account for CP considerations given that different sources will give different synchronization quality in terms of time and frequency. For instance, synchronization with gNB imposes additional error which is determined by the propagation delay and Doppler effects on the gNB-UE link.
· In the assumption for the channel model in [3], the longest channel has an RMS delay spread of 93.4 ns in the ITS band at 5.9 GHz. This leads to a maximum delay spread of about 900 ns. Other channel measurements as the one in [5] show that a channel might even have a longer delay spread than the one assumed for the modelling
Based on discussion, we consider 30 kHz normal CP (NCP) and 60 kHz extended CP(ECP) as a viable candidates option for NR-V2X sidelink communication. However, given that 60 kHz ECP has much higher CP overhead (25 % instead of 7 %) and is therefore more inefficient. A system with 60 kHz and NCP has only a cyclic prefix of 1.17 us, accommodating multiple not fully synchronized UEs at a receiver under the assumptions of a maximum delay spread of 900 ns seems impossible. 


To support multiple, simultaneous users, the CP length need to be above 2 us.

Based on discussion and analysis, we have following proposal


Do not consider SCSs other than 15, 30 and 60 kHz for NR-V2X communication in low frequency bands
Define single SCS value for NR-V2X communication in ITS band
Consider 30 kHz SCS for the ITS band

Implementation Specific Considerations
 AGC and TX-Rx Switching gap
The current working assumption is that the AGC needs 15 us to adapt to the optimal power level in FR1. According to the reply from RAN4 in [2] the current assumption for the necessary Tx/Rx switching gap is 13 us. Dependent on if a single SCS will be agreed or multiple SCS need to be supported there are different options.
In the case that all SCS values specified in Rel. 15 NR for FR1 need to be supported, i.e. 15, 30, 60 kHz, to achieve a uniform design for all SCS, we need to design the system in a way that it also works in the worst case scenario. In this case, this means we should design for the shortest symbol duration, which is 17.86 us for the case of 60 kHz. The whole first OFDM symbol of a slot needs to be reserved for AGC adaptation and the last symbol of a slot is not transmitted. 
If RAN1 can agree on 30 kHz as the only SCS for NR V2X sidelink in Rel. 16, there is another option available:  In this case the OFDM has a duration of 35.71 us and it is sufficient to accommodate the Tx/Rx switching as well as the AGC adaptation. We could then dedicate the first half of the first OFDM symbol in a slot to the Tx/Rx switching and in the second half each UE that transmits in a slot could send a synchronization sequence. 
In contrast to LTE-V2X, also TDM of PSCCH and PSSCH should be supported in NR V2X. In this case, the initial OFDM symbols of a slot would be dedicated for the PSCCH. Since there are only limited resources dedicated for control, and if the first symbol cannot be received due to the AGC adaptation as in LTE V2X, additional resources need to be allocated to support sufficient performance for the PSCCH. Therefore, it is not reasonable to allocate the first symbol for the control channel. In addition to that, if the first symbols would be allocated for data transmissions, they would be too far from the nearest PSSCH-DMRS. Therefore, transmitting a synchronization sequence is probably the best option. 


If only one numerology with SCS below 60 kHz is agreed: 
· Use the first half of the first OFDM symbols of a slot for Tx/Rx switching and the second half for AGC adaptation.
If 60 kHz SCS needs to be supported: 
· Use the last OFDM symbol of a slot for Tx/Rx switching and the first OFDM symbol for AGC adaptation similar to LTE-V2X.

Structure of Sidelink Physical Channels
Waveform Format
For NR uplink, both OFDM and SC-FDMA were standardized. Both have a number of advantages and disadvantages that we would like to briefly discuss here.
SC-FDMA advantages over OFDM:
The major advantage of SC-FDMA over OFDM is the reduced Peak to Average Power Ratio (PAPR). For a waveform with lower PAPR the Power Amplifier (PA) can be operated with less power back-off, which makes the PA more energy efficient. 
The DFT spreading over different subcarriers means that the system could benefit from frequency diversity without a code that can cover such large difference in channel quality at different SCs.
OFDM advantages over SC-FDMA:
Advanced receivers can be used with OFDM (e.g. sphere decoder), this is especially interesting if we consider multiple transmissions in the same REs and thus interference cancelation capability is required to improve performance.
The performance with higher order modulation (16-QAM or 64-QAM) of OFDM is better compared to SC-FDMA ([4]). 
In an OFDM system, there is a higher flexibility regarding the MIMO design and allocation of resources towards reference signals, as the PAPR is not limiting the design space. In addition reference signals and data can be multiplexed in the same OFDM symbols. 
In the case, when there is a time domain multiplexing between PSCCH and PSSCH it is possible to use different waveforms for PSCCH and PSSCH. However it needs to be considered that supporting multiple waveforms leads to additional implementation complexity at both transmitter and receiver side.


At least for FR1, consider OFDM as the baseline waveform for both PSCCH and PSSCH
SC-FDMA is considered only if significant benefits over OFDM are observed

Sidelink Control Channel (PSCCH)
 Physical Structure
The PSCCH can either be TDMed or FDMed with the PSSCH. As the frequency domain allocation will likely be narrow band in the case of FDMed PSCCH and PSSCH it is desirable to make the control channel robust regarding a bad channel inside the narrowband allocation, by frequency hopping.
 DMRS 
In the case of FDM, the reference structure of the PSSCH can be potentially reused for the PSCCH. In the case of TDM, the new structure may be needed and PDCCH structure can be considered as a baseline for analysis.


· Consider common DMRS structure design for PSSCH and PSCCH in the case of FDM between PSSCH and PSCCH
· Consider PDCCH reference structure as a starting point for PSCCH in TDM mode and introduce enhancements if evaluation shows non-sufficient performance

 Transmission Schemes
We identified four different types of diversity schemes that might be suitable for the PSCCH: Space Time/Frequency Block Coding (STBC/SFBC), Cyclic Delay Diversity (CDD), frequency hopping and precoder cycling / Spatial Orthogonal Resource Transmit Diversity (SORTD). They are in general divided into non-transparent (STBC/SFBC) and transparent schemes (CDD, precoder cycling, SORTD), as in the case of transparent schemes, the receiver does not need any knowledge of the transmission format. In the case of non-transparent schemes, it is essential to estimate the channel for each of the transmit antenna ports used. In addition, it is essential that the channel of adjacent OFDM symbols and adjacent subcarriers stays constant to fulfil the assumption of these schemes. For the case of transparent schemes, it is only necessary that the receiver knows which DMRS resource use the same transmit diversity schemes.


· Prioritize the evaluation of transparent schemes for transmit diversity
· Study the effects of bundling size on the different schemes, as well as give recommendation for a useful bundling parametrization of the different schemes

 Encoding / Mapping
The polar code used for the PDCCH should be considered a baseline for the channel code. However it needs to be carefully evaluated, if in the case of additional puncturing due a slower AGC adaptation, does significantly influence the performance. In this regard, it is also important to ensure a sufficient performance of the PSCCH relative to the PSSCH performance with the most robust MCS 0. In this case the PSCCH performance should be better, but the gap should not be too large. If the gap is very large this means that there is a significant overprovisioning of resources for the PSCCH, therefore the system could be made more efficient by reducing this overhead.
If PSSCH is transmitted in the first symbol the similar issues can happen especially with wideband allocations due to frequency first mapping principle. These aspects need to be taken into account once RAN4 responds to RAN1 on AGC settling time values.

Sidelink Shared Channel (PSSCH)
 DMRS
There is a number of different aspects to consider for the DMRS design. The major aspects that need to be considered are:
The spacing in the time direction should cover the worst case Doppler spread. In general for a Doppler spread of  the maximum spacing between DMRS in the time direction is . To enable a proper interpolation the spacing should be in the range of  to . Assuming that we have two vehicles with a maximum relative speed of 550 km/h communication at a carrier frequency of 5.9 GHz the maximum Doppler spread is about  if GNSS is used as a synchronization reference. Thus, the spacing of the DMRS should be in the range of 83.3 to 125 . In case if gNB or SLSS are used for synchronization the Doppler spread will be even larger.
The same consideration can be made for the worst case delay spread. In this case the maximum delay spread  leads to the maximum spacing between DMRS in the frequency direction of . As in the case of the Doppler spread to enable proper operation of the system the spacing should be in the range for  to . For a system with a maximum delay spread of 1  this requires a frequency spacing of the DMRS in the range of 250 to 375 kHz. 
Besides the consideration for the interpolation in the extreme cases it is also important to consider that there is a need to have sufficient number of symbols to enable sufficient performance in the low SNR regime. This can only be ensured by having a sufficient number of DMRS REs per PRB.
For unicast communication and to increase peak throughput the support of spatial multiplexing on sidelink is beneficial and thus multiple ports need to be enabled. In addition, considering spatial reuse, multiple ports may be also needed for improved handling of co-channel interference.
In addition it is important to consider if data should be allowed to be multiplexed with DMRS in the same resources. In an interference limited scenarios it might be desirable prevent DMRS from experiencing the interference from data in order to improve channel and interference estimation performance.
Considering all these aspects, we see that if we consider the ITS band at 5.9 GHz, for a 30 kHz or 60 kHz SCS the DMRS patterns designed for DL can cover the requirements. However, if 15 kHz is used in this band it is necessary to design new DMRS patterns.


· For a SCS of 30 kHz or above consider to reuse existing DMRS patterns in PDSCH at least as a baseline for initial study in FR1
· If 15 kHz is selected for the ITS band, consider to define new DMRS patterns to improve demodulation performance
· Consider to support up to 8 antenna ports from system perspective to support spatial multiplexing of UEs transmitting in the same resources
· Design DMRS patterns to optimally support 64-QAM till 120 km/h relative speed and 16-QAM till 240 km/h.

 Transmission Schemes
For the future unicast mode it is likely beneficial to introduce spatial multiplexing. To determine a possible setup we need to consider the following: For a relative speed of as low as 36 km/h the coherence time for the small scale parameters of the channel is about 5 ms. Therefore, the small scale properties of the channel are changing too fast to acquire, share and use the instantaneous channel information to enable coherent combining.
The large scale parameters will change less frequent. According to the agreed system level evaluation parameters in [3] Table 6.2.3-1 the decorrelation distance is in the range of 7 to 13 meters. This translates to a coherence time of 252 to 468 ms assuming relative speed of 100 km/h. As shown by the measurements in [5] this distance can be lower, dependent on the scenario. Even for a decorrelation distance of 2 meters the coherence time of the large scale parameters is still 72 ms and therefore precoding based on large scale channel properties may be a viable option.
The large scale parameters will change less frequent. However, to acquire this large scale parameters of the system an averaging of different channel realization is necessary. Thus, we think the current focus of the study should prioritize open loop spatial multiplexing over closed loop spatial multiplexing. Closed loop, may be applicable for specific use-cases like platooning as the vehicles stay at a constant distance to each other and move at the same speed, a communication based on closed loop spatial multiplexing may be beneficial and can be separately studied with the 2nd priority.
As shown in Figure 2 for a LOS and NLOS scenario precoder cycling base on the NR type 1 codebook with a cross polarized antenna array is feasible. 
For transmit diversity in PSSCH, the same considerations as discussed for the PSCCH are applicable.


[bookmark: _Ref521417578]Figure 3: Rank 1 and Rank 2 open loop NR type 1 codebook based precoder cycling (CB PC) in a LOS and NLOS scenario with cross polarized transmit antennas.


· Evaluate open loop spatial multiplexing as a primary option for spatial multiplexing.
· Evaluate transparent transmit diversity schemes for PSSCH

 Modulation Format
As shown in the evaluation in section 2.2.1 the SINR requirements to demodulate 256-QAM are very high, combined with the fact that in the case of sidelink there are likely substantially less antennas available at the transmitter relative to downlink, this is leading to a very limited range for 256-QAM transmissions. In addition according to [1] the EVM requirement for 256-QAM is 3.5% in contrast to the 8% required for 64-QAM. For modulation formats with less bits per symbol compared to QPSK it needs to be ensured that the coverage does not exceed the PSCCH coverage as well as the benefits are unclear (i.e. control and shared channel performance is balanced).


· In FR1, QPSK, 16-QAM and 64-QAM modulation formats are supported
· Consider other formats only if clear benefits under considerations of all system aspects are observed

 CSI-FB for unicast and groupcast
In the uplink and downlink, in general, one or several of the following information is fed back to the transmitter:
· PMI
· CQI
· RI
Where the feedback could be wideband or narrowband. As in the discussion on the transmissions schemes in section 3.3.3, if the coherence time is too short, the information is quickly outdated. Of all the information the PMI is outdating the fastest, as it depends mainly on the instantaneous realizations of the channel. This is also shown in the evaluation in Figure 4 and Figure 5. The simulations assumptions are summarized in the appendix. According to [6], including the slot needed for transmitting the feedback, the calculation for the CSI, the minimum delay between transmitting the RS used for PMI estimation and the application of the feedback information at the transmitter are 3 slots. In addition, since the PMI is changing, it needs to be transmitted periodically. In the legend of the figures the abbreviations DzPy would stand for a delay of z slots and a periodicity of y slots. We also evaluated narrowband (NB) and wideband (WB) feedback as well as precoder cycling (CPMI). The examples show that even for very moderate relative speed of 30 km/h the performance of open loop PMI cycling is already surpassing, the one of PMI feedback.
This evaluations leads us to the conclusion that there are no benefits of PMI feedback. There may be a benefit from adapting to the rank and the CQI of the channel. However, we think this can be achieved without relying on CSI-FB from dedicated RS. We can also not rely on reciprocity as different antennas might be used for transmission and reception. 
The CQI can be adapted from the following information:
Outer loop link adaptation based on HARQ. 
CQI feedback based on channel estimates for demodulation at the receiver. 
As the instantaneous realization of the channel are changing too fast to have up to date feedback, adapting to it is not possible. Thus, we adapt to the long term statistics of the channel to optimize the data transmission. 
For RI the situation is similar. The rank of a channel can be estimated either from
Channel statistics at the receiver
Direct estimation in a system utilizing precoder cycling and the precoding matrix in each part of the transmission being known in the receiver. 
In the second case during the transmission setup or in the control information of the PSCCH the configuration of the open loop precoder cycling need to be transmitted to the receiver. With this information the precoding can be inverted and therefore the rank of the channel can be estimated. 
[image: ][image: ]
[bookmark: _Ref525764198]Figure 4 PMI Feedback LOS 0 km/h (left) and 30 km/h (right) relative speed.
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[bookmark: _Ref525764210]Figure 5 PMI Feedback NLOS 0 km/h (left) and 30 km/h (right) relative speed.
 

· For NR-V2X communication in FR1, 
· Consider open loop pre-coder cycling instead of transmission schemes based on PMI feedback.
· Consider CQI and RI feedback based on channel observations at the receiver as an alternative to feedback based on dedicated RS 

 Encoding / Mapping
For the FEC, the LDPC should be considered as a baseline for PDSCH transmissions.
Conclusions
[bookmark: _GoBack]In this contribution, we provided our initial views on sidelink physical structure. In general, we observe that sidelink physical structure discussion is also dependent on sidelink resource allocation and therefore many of physical layer aspects should be discussed jointly with resource allocation framework.

Proposal 1: 
Do not consider SCSs other than 15, 30 and 60 kHz for NR-V2X communication in low frequency bands
Define single SCS value for NR-V2X communication in ITS band
Consider 30 kHz SCS for the ITS band
Proposal 2: 
If only one numerology with SCS below 60 kHz is agreed: 
· Use the first half of the first OFDM symbols of a slot for Tx/Rx switching and the second half for AGC adaptation.
If 60 kHz SCS needs to be supported: 
· Use the last OFDM symbol of a slot for Tx/Rx switching and the first OFDM symbol for AGC adaptation similar to LTE.
Proposal 3: 
At least for FR1, consider OFDM as the baseline waveform for both PSCCH and PSSCH
SC-FDMA is considered only if significant benefits over OFDM are observed
Proposal 4: 
· Consider common DMRS structure design for PSSCH and PSCCH in the case of FDM between PSSCH and PSCCH
· Consider PDCCH reference structure as a starting point for PSCCH in TDM mode and introduce enhancements if evaluation shows non-sufficient performance
Proposal 5: 
· Prioritize the evaluation of transparent schemes for transmit diversity
· Study the effects of bundling size on the different schemes, as well as give recommendation for a useful bundling parametrization of the different schemes
Proposal 6: 
· For a SCS of 30 kHz or above consider to reuse existing DMRS patterns in PDSCH at least as a baseline for initial study in FR1
· If 15 kHz is selected for the ITS band, consider to define new DMRS patterns to improve demodulation performance
· Consider to support up to 8 antenna ports from system perspective to support spatial multiplexing of UEs transmitting in the same resources
· Design DMRS patterns to optimally support 64-QAM till 120 km/h relative speed and 16-QAM till 240 km/h.
Proposal 7: 
· Evaluate open loop spatial multiplexing as a primary option for spatial multiplexing.
· Evaluate transparent transmit diversity schemes for PSSCH
Proposal 8: 
· In FR1, QPSK, 16-QAM and 64-QAM modulation formats are supported
· Consider other formats only if clear benefits under considerations of all system aspects are observed
Proposal 9: 
· For NR-V2X communication in FR1, 
· Consider open loop pre-coder cycling instead of transmission schemes based on PMI feedback.
· Consider CQI and RI feedback based on channel observations at the receiver as an alternative to feedback based on dedicated RS 
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Annex A – Evaluation ICI
Table 1: LLS assumptions ICI simulations
	Parameter
	Value
	Comment

	Relative speed
	0-500 km/h
	

	Channel model 
	TDL
	

	RMS delay spread
	10
	

	Rx Antennas
	4
	

	Tx Antennas
	1
	

	Waveform
	OFDM
	

	RBs
	25
	

	Carrier Frequency
	5.9 GHz
	

	Modulation format
	16 QAM, 64 QAM, 256 QAM
	

	SCS
	15, 30, 60, 120 kHz
	

	Code rate
	0.9
	



Table 2: LLS assumptions PMI Feedback simulations
	Parameter
	Value
	Comment

	Relative speed
	0, 30 km/h
	

	Channel model 
	TDL
	

	RMS delay spread
	10 ns (LOS) , 93.4 (NLOS)
	

	Rx Antennas
	4
	

	Tx Antennas
	1
	

	Waveform
	OFDM
	

	RBs
	25
	

	Carrier Frequency
	5.9 GHz
	

	Modulation format
	64 QAM,
	

	SCS
	30kHz
	

	Code rate
	0.5
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