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1 Introduction

At the TSG RAN1 Meeting #82, the evaluation assumptions for feasibility study on LTE based V2X services [1] were agreed and captured in [2]. In this contribution, we provide our views on demodulation challenges and discuss potential design options. Our views on other aspects of V2V/V2X communication are provided in our companion contributions [4]-[8].
2 Demodulation Challenges
The time varying channel is one of the main challenges for V2V communication. The system enhancements need to be introduced to improve demodulation performance in highly time variant channel. The main problem for demodulation is that channel may vary significantly within the subframe and thus the legacy DMRS structure may not be sufficient. The demodulation performance also depends on synchronization aspects (time and frequency), which are separately discussed and analyzed in our companion contribution [4]. As it is reported in [4], the demodulation performance may also significantly depend on Doppler shift and spread effects. In case of LOS channel and synchronization with eNB the effective frequency offset may be up to 2.7 or 4.8 kHz depending on synchronization option if 160 km/h vehicular speed operating at 6GHz carrier frequency is considered. Therefore these effects should be also considered for demodulation analysis.
In this contribution, we mainly focus on demodulation performance and design options for DMRS enhancements and provide link level evaluation results taking into account additional errors due to synchronization procedures. According to evaluation assumptions agreed at the last RAN1 WG meeting the following packet sizes were recommended for link level evaluations: 190 bytes, 300 bytes and 800 bytes. The demodulation performance depends on multiple factors, including but not limited to packet size, resource allocation/granularity, packet segmentation, modulation, physical structure of reference signals, retransmission configuration, accuracy of channel estimation, utilized waveform and channel variation.
In the next sections of this contribution, we analyze and compare different design options for V2V demodulation enhancements (see section 3 and 4) assuming 300 bytes packet size.
3 Design Options for Enhanced Demodulation
3.1 Numerology Change (V2V Numerology)
In order to improve channel estimation in case of the time-varying channel the density of DMRS signals in time needs to be increased. The increase of DMRS density can be naturally achieved by increasing the subcarrier spacing of current LTE system to 30 kHz (instead of legacy 15 kHz). The increase of subcarrier spacing will naturally decrease the symbol duration so that the whole subframe will fit the 0.5 ms time interval. This change will effectively increase DMRS density providing two DMRS symbols over 0.5 ms duration and spaced by 0.25 ms or less depending on the required inter-DMRS spacing. The reduced inter-DMRS spacing is more immune to the channel variation in time and thus may be a good and simple alternative to address demodulation challenges for LTE based V2V communication.
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Figure 1: LTE Numerology Update for Improved V2V Demodulation.

Proposal 1
· Consider to modify the LTE numerology for the sake of improved V2V demodulation performance (e.g. increase subcarrier spacing to 30 kHz).

3.2 Increased DMRS Density

Using increased DMRS density, while keeping the legacy numerology is an alternative design option. Although this option can be relatively easily enabled, it does not provide additional system level benefits in terms of half-duplex and in-band emission comparing to the numerology change option as further discussed in our companion contribution [5] and thus it is less attractive from the overall system performance perspective. In addition, the increased DMRS density would result in additional overhead which might reduce the overall system performance in the low mobility scenarios.
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Figure 2: Increased DMRS Density.
It should be noted that for demodulation performance there is a trade-off in handling Doppler spread, Doppler shift and the residual frequency offset errors due to synchronization and, therefore, in order to optimally handle all these impacts the inter-DMRS spacing in time may be optimized.
Alternatively, sidelink design with 2 DMRS per TTI can be kept while the inter-DMRS spacing can be reduced. The approach would allow to increase the CFO estimation range while reducing the robustness against the Doppler spread.

Observation 1
· The inter-DMRS spacing in time may be optimized in order to better handle effects due to Doppler spread, Doppler shift and residual frequency offset error due to inaccurate synchronization. However, the solution may impose increased overhead which may reduce performance in the low-medium mobility scenarios.
3.3 New V2V DMRS Patterns

The new V2V DMRS patterns may be designed to optimize the channel estimation performance in high mobility environment. Although the benefits from optimized DMRS physical structure may be achieved, this option is rather significant deviation from the existing LTE sidelink design and should be considered only if there is a large performance benefit relative to the more simple solutions described above.
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Figure 3: New V2V DMRS Patterns.
Observation 2
· The new (interlaced in time and frequency) DMRS patterns may be beneficial for channel estimation, however, do not naturally fit the SC-FDMA waveform and may be considered if large performance benefits relative to more simple solutions are observed.
3.4 Enhanced Receiver Processing

The enhanced receiver processing can be used to improve system performance at the expense of the additional receiver processing complexity. There are two types of enhancements that may be considered in the study item:
· Enhanced Channel Estimation. For channel estimation the iterative data-aided channel estimation may be applied [9]. This technique can be applied to both OFDM and SC-FDMA waveforms. The performance/complexity tradeoffs for these techniques should be further carefully analyzed however these techniques should not be considered as baseline demodulation options due to substantially increased UE implementation complexity.

· Enhanced IS/IC Processing (V2V IS/IC Processing). The idea of the IS/IC (NAICS like) processing should be also considered in the framework of the study item. In order to improve packet reception ratio the receiver may try to decode data from multiple transmitters sharing the same spectrum resource. These techniques may provide the improved system level performance and should be in the scope of the study item. It should be noted that for IS/IC like operation the usage of OFDM waveform may be more advantageous in terms of complexity for channel estimation and demodulation of multiple transmitters sharing the same resource.
Proposal 2
· Study benefits of the enhanced receiver processing in the scope of the V2X study item.

· Do not consider performance of the enhanced receiver processing techniques as baseline system design options.

· Take into account the capabilities of enhanced IS/IC receiver processing when discussing V2V design options including resource allocation and demodulation aspects.

4 Link Level Analysis

In this section, we provide results of link level analysis comparing V2V demodulation performance under different conditions and different design options.

4.1 Legacy DMRS Performance for Different System Numerologies
In this subsection, we analyze the BLER performance for different system numerologies (15 kHz, 30 kHz, 60 kHz) assuming that two DMRS signals are used per 1 ms, 0.5 ms or 0.25 ms for 15 kHz, 30 kHz and 60 kHz spacing, respectively. The results of link level analysis are shown in Figure 4 for low and high mobility scenario of 3 km/h and 140 km/h speed of each vehicle (TX and RX) for the UMi LOS channel model, assuming no frequency offsets due to synchronization errors.
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	Figure 4: Legacy DMRS design performance under different system numerologies.


Observation 3
· The legacy DMRS design option does not work in high mobility scenario under legacy LTE numerology (15 kHz subcarrier spacing).

· The legacy DMRS design option works well in high mobility scenario under slightly updated LTE numerology (30 kHz and 60 kHz subcarrier spacing). The 60 kHz subcarrier spacing provides slightly better demodulation performance.
4.2 Loss of Subcarrier Orthogonality
In Figure 5, we provide link level simulation results for the static UMi LOS scenario (V1 = V2 = 0 km/h) with different receive carrier frequency offsets values of 0, 2.7 kHz and 4.2 kHz. The ideal post-FFT phase offset compensation caused by frequency errors is assumed. The motivation for this analysis is to understand the impact of frequency mismatch and loss of subcarrier orthogonality on the post-FFT demodulation processing in case of using different subcarrier spacings. From these results we can observe that in case of using 15 kHz subcarrier spacing the impact of loss of orthogonality effect is much larger comparing to 30 or 60 kHz subcarrier spacing.
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	Figure 5: Impact of subcarrier orthogonality loss on post-FFT demodulation under frequency offset.


Observation 4
· The effect of frequency offset caused by Doppler shift and/or synchronization errors has significant impact on the demodulation performance for legacy system numerology even under assumption of perfect post-FFT phase offset compensation. The performance loss of up to 4dB is observed for 4.2 kHz frequency offset.

· Using modified LTE numerology with increased subcarrier spacing of 30/60 kHz reduces the sensitivity of post-FFT demodulation to the large frequency offsets caused by Doppler shift and/or synchronization errors.
4.3 Increased DMRS Density
In Figure 6, we provide link level simulation results for the scenario with UMi LOS and NLOS channels model and with moving towards each other vehicles with 140 km/h speed. From these results we can observe that using of 15 kHz subcarrier spacing with 4 DMRS per TTI, does not allow achieving good system performance in the majority of the investigated scenarios. At the same time, in case of using 30 kHz or 60 kHz subcarrier spacing the substantial performance improvement is achieved.
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	PSCCH BLER. UMi LOS channel (V1=V2=140km/h). 
CFO = 0Hz. SC-FDMA waveform 
	PSCCH BLER. UMi NLOS channel (V1=V2=140km/h). 
CFO = 0Hz. SC-FDMA waveform
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	PSCCH BLER. UMi LOS channel (V1=V2=140km/h). 
CFO = 1180Hz. SC-FDMA waveform
	PSCCH BLER. UMi NLOS channel (V1=V2=140km/h).
 CFO = 1180Hz. SC-FDMA waveform

	Figure 6: Demodulation analysis for the case of increased DMRS density


Observation 5
· For 15 kHz subcarrier spacing case, using increased DMRS density with 4 DMRS per TTI does not allow achieving sufficient performance in the presence of large Doppler spread and frequency offsets.

· Using modified LTE numerology with 30 kHz and 60 kHz subcarrier spacing along with increased DMRS density approach is a robust approach to handle both high Doppler spread and frequency offsets.

4.4 New V2V DMRS patterns
In Figure 8, we provide link level simulation results for high speed scenarios in case of using OFDM wave form and CRS-like pattern for demodulation (see Figure 7). The total number of resource elements per slot for the CRS-like pattern is equal to the number of resource elements per slot for the legacy DMRS pattern. From the presented results, we can observe that for the majority of scenarios using 15 kHz subcarrier spacing provides poor system performance due to inaccurate estimation and compensation of carrier frequency offset.
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Figure 7: CRS-like pattern for demodulation
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	PSSCH BLER. UMi LOS channel (V1=V2=140km/h).
CFO = 0Hz. OFDM waveform
	PSSCH BLER. UMi NLOS channel (V1=V2=140km/h).
CFO = 0Hz. OFDM waveform
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	PSSCH BLER. UMi LOS channel (V1=V2=140km/h).
CFO = 1180Hz. OFDM waveform
	PSSCH BLER. UMi NLOS channel (V1=V2=140km/h).
CFO = 1180Hz. OFDM waveform

	Figure 8: Performance of new V2V DMRS structures under different numerologies.


Observation 6
· In the 15 kHz subcarrier spacing case, using modified V2V DMRS patterns with CRS-like structure does not allow achieving sufficient performance in the presence of large Doppler spread and frequency offsets.

· Using modified LTE numerology with 30 kHz and 60 kHz subcarrier spacing along with modified V2V DMRS patterns with CRS-like structure allows efficiently handling both high Doppler spread and frequency offsets.

4.5 Enhanced receiver processing
In Figure 10, we provide the link level simulation results for the high speed scenarios in case of using legacy and also modified DMRS patterns with adjacent reference symbols (6 and 7 are occupied). In this analysis we compare performance for the baseline and enhanced (data-aided) channel estimation algorithms. The results illustrate that enhanced channel estimation provides significant performance improvement but does not achieve good system performance for the legacy numerology. The enhanced channel estimation algorithm in combination with 30 kHz subcarrier spacing shows good system performance in all considered scenarios.
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Figure 9: DMRS pattern 6/7 for demodulation
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	PSCCH BLER. UMi LOS channel (V1=V2=140km/h). 
CFO = 0Hz. SC-FDMA waveform
	PSCCH BLER. UMi NLOS channel (V1=V2=140km/h). 
CFO = 0Hz. SC-FDMA waveform
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	PSCCH BLER. UMi LOS channel (V1=V2=140km/h). 
CFO = 1180Hz. SC-FDMA waveform
	PSCCH BLER. UMi NLOS channel (V1=V2=140km/h).
 CFO = 1180Hz. SC-FDMA waveform

	Figure 10: Performance of Enhanced receiver processing under different numerologies.


Observation 7

· In the 15 kHz subcarrier spacing case, the enhanced channel estimation provides significant performance improvement but does not achieve desirable system performance.

· The enhanced channel estimation algorithm in combination with 30 kHz subcarrier spacing shows good system performance in all considered scenarios.

5 Conclusions
In this contribution, we provided our views on demodulation enhancements for V2V communication. Based on the discussion and presented analysis, we prepared a text proposal on demodulation enhancements for V2V communication provided in [8]. In summary, our link level analysis shows that high mobility environment has significant impact on demodulation performance and therefore the appropriate solution needs to be identified, including the increased subcarrier spacing and reduced symbol duration in order to have more reliable V2V communication performance.
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7 Appendix A: Link Level Evaluation Assumptions

This section provides link level simulation assumptions used for demodulation analysis (see Table 1).
Table 1: Link level evaluation assumptions

	Parameter
	Value

	Channel
	Section 4.1: UMi LOS, V1=V2=3km/h or V1=V2=140km/h, UEs move towards each other
Section 4.2: UMi LOS, V1=V2=0km/h

Section 4.3 – 4.5: UMi LOS or NLOS, V1=V2=140km/h, UEs move towards each other

	Carrier frequency
	5.9 GHz

	System bandwidth
	10 MHz

	Antenna configuration
	1x2, antenna spacing = 0.5λ

	Signal transmission parameters
	QPSK 1/2, payload = 2472 bits

15 kHz spacing: 20 PRBs with 1 TTI (1 ms)
30 kHz spacing: 10 PRBs with 2 TTI (1 ms)
60 kHz spacing: 5 PRBs with 4 TTI (1 ms)
1 PRB pair has 12 REs and 14 symbols for each numerology

	Tx EVM
	10%

	Demodulation assumptions
	Practical post-FFT CFO estimation and compensation

Practical post-FFT time offset estimation and compensation

Practical channel estimation

The 1st symbol is used for AGC settling

The last symbol is punctured
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