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1 Introduction

At the RAN#75, the work item on 3GPP phase-2 V2X evolution was approved. One of the main RAN1 WG objectives is to study the feasibility and gain of PC5 operation with Transmit Diversity [1]:
	1. Study the feasibility and gain of PC5 operation with Transmit Diversity, assuming this PC5 functionality would co-exist in the same resource pools as Rel-14 functionality and use the same scheduling assignment format (which can be decoded by Rel-14 UEs), without causing significant degradation to Rel-14 PC5 operation compared to that of Rel-14 UEs, and specify this PC5 functionality if justified. [RAN1, RAN2, RAN4].


In order to evaluate performance of transmit diversity schemes, evaluation assumptions to study benefits of transmit diversity schemes for sidelink V2V communication were discussed and agreed at the RAN1#88bis meeting:

	Agreement
· For the design and feasibility of TxD schemes in Rel-15 PC5 operation, the CM increase per antenna over single antenna port transmission of Rel-14 is considered.

Agreement
· For link level simulation (SNR vs. BLER) to investigate TxD gains for performance of V2X is applied for PSSCH and PSCCH.
Parameters
Value
Carrier frequency

6GHz

Antenna number 

2 x 2

Channel model

LOS/NLOS in TR36.885 (linear polarization, half-lambda spacing)
Vehicle speed (absolute)
15 km/h, 140km/h, 250km/h, 60 km/h optional
MCS

QPSK ½, 16QAM ½
Payload size for PSSCH

300 bytes, 190 bytes
Agreement:
· Frequency offset modelled as in TR36.885

Agreement:
· For analysis of the impact of interference on link performance:

· TxD schemes are analyzed in terms of impact on R14 V2V performance in interference limited scenario

· BLER vs SINR is evaluated for 3 scenarios: Rel-14 interference, Rel-15 interference and AWGN

· SNR = 25dB (applicable to Rel-14 and Rel-15 interference scenarios)

· SINR varies in the range -5:20 dB, MMSE Receiver for Rel-14 UEs. One interferer assumed

· Sensitivity to different R15 TxD interference signals is analyzed

· Note: full impact on legacy UEs require system level simulations


In this contribution, we provide link and system level performance of candidate transmit diversity schemes for sidelink V2V communication from [2]. In particular, at link level we analyze cubic metric and BLER vs SINR in noise limited and interference limited scenarios for two types of receivers MMSE-MRC and MMSE-IRC. In addition, for the same type of receivers we analyze performance benefits of candidate transmit diversity schemes at the system level, following assumption agreed by RAN1 WG for TxD evaluation. Our views on other V2V PC5 enhancements are provided in our companion contributions [3]-[11].
2 Brief Overview of Candidate TX Diversity Schemes

For evaluation we have selected the following set of candidate SC-FDMA transmit diversity schemes: SFBC, SD-CDD, STBC, and half-symbol STBC. Principle of operation of selected TxD schemes is illustrated in Figure 1.
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Figure 1. SC-FDMA transmit diversity schemes.
3 Link Level Analysis

3.1 Cubic Metric Analysis

For SC-FDMA waveform, the introduction of transmit diversity scheme may result in increase of signal PAPR and CM. The PAPR and CM depends on the particular transmit diversity design option. In this section, we provide evaluation of CM for candidate TxD schemes outlined above in Section 2. The CM evaluation results are shown in Figure 2.
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Figure 2: Cubic metric analysis of candidate transmit diversity schemes for SC-FDMA waveform.
Based on CM analysis, we observe that SFBC TxD scheme has higher CM statistics for one of the two antenna ports, which is shown in Figure 2.

It should be noted that difference in CM of TxD schemes with respect to the single antenna port does not give a full picture, given that if multiple antenna ports are used the max transmit power per antenna port is scaled down by X dB, where X = 3dB for the case of two TX antennas. It means that in case of TxD with two TX antennas, the additional MPR value of 3 dB is applied per antenna port, which can compensate the cubic metric increase at one of the antenna ports for SC-FDMA SFBC scheme.
The results of cubic metric analysis lead us to the following observations:

Observation 1
· The SFBC TxD scheme on one of the antenna ports has higher CM which is about 0.7dB higher comparing to other TxD schemes that do not provide CM increase relative to SC-FDMA waveform.

· In case of TxD scheme with two antenna ports, the transmit power per antenna port is 3dB less with respect to single antenna port that can relax CM requirements.
3.2 BLER Analysis in Noise Limited Scenario

In this section, we provide link level performance analysis of candidate TxD schemes in noise limited environment to check the diversity gain provided by each candidate TxD scheme and compare link level performance of transparent and non-transparent TxD schemes.
The BLER vs SNR evaluation results are presented in Figure 3 for low (15kmph) and high (150kmph) mobility scenarios considering low (QPSK) and high (16QAM) order modulations. The full list of link level evaluation assumptions is provided in Annex A. It should be noted that for analysis in noise limited environment the both types of receivers MMSE-MRC and MMSE-IRC show similar performance and thus only one set of curves is presented.
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Figure 3: BLER vs SNR performance of candidate transmit diversity schemes in noise-limited scenario.
Observation 2
· In case of low mobility scenario (15 kmph), the relative gains from using TxD schemes are higher due to limited channel diversity in time. At most 2.7dB gain is observed relative to the single antenna port transmission scheme for high order modulation.

· In case of high mobility scenario (150 kmph), relative difference between TxD schemes is lower due to large channel diversity in time caused by high Doppler. Less than 1dB gain is observed with respect to the single antenna port transmission scheme even for high order modulation (16QAM).

· The SFBC scheme shows the best SNR performance in all scenarios outperforming all other candidate schemes.
3.3 BLER Analysis in Interference Limited Scenario

Candidate TxD schemes may have different impact on R14 UE demodulation performance (i.e. legacy UE). The R14 UE is not aware about potential physical structure of R15 TxD schemes and thus cannot optimally take it into account during RX signal processing, when R15 TxD signal appear as an interference. In order to analyze impact of interfering R15 TxD signal on R14 receiver demodulation performance, the BLER vs SINR analysis is conducted for the following three scenarios:

· Interferer is AWGN – spatially white interferer;
· Interferer is R15 UE utilizing candidate TxD scheme;

· Interferer is R14 UE utilizing single antenna port transmission.

The results of BLER vs. SINR are shown in Figure 4 for MMSE-MRC and MMSE-IRC receiver types.
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Figure 4: BLER vs SINR performance of R14 UE in interference-limited scenario.

Based on the analysis of TxD scheme impact on R14 demodulation performance, we draw the following observations:
Observation 3
· MMSE-MRC receiver has much worse performance comparing to MMSE-IRC 

· MMSE-MRC receiver performance is not very sensitive to interference type and is almost equally bad for all interference types.

· RAN1 needs to draw conclusions on benefits of transmit diversity schemes based on MMSE-IRC receiver.
· Non-transparent transmit diversity scheme (e.g. SFBC/STBC) with two spatial streams significantly degrade demodulation performance of R14 UEs in interference limited scenarios.
· Transparent TxD schemes outperform non-transparent TxD schemes in interference limited scenarios which are typical for V2V deployments.

Proposal 1
· RAN1 to change working assumption on baseline receiver for evaluation of transmit diversity schemes.
· RAN1 conclusions on evaluations of TxD schemes are based on MMSE-IRC receiver type.

Based on the presented results, we observe that transparent schemes based on CDD can provide good link performance in noise limited scenarios. In addition, CDD type of interference does not significantly degrade MMSE-IRC performance comparing to SFBC type of interference. The performance of CDD schemes is sensitive to the applied delay value (see Figure 5). 
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Figure 5: Sensitivity of CDD scheme to cyclic delay.
In case if delay value is large, it is challenging to extract gain from channel smoothing that may degrade overall channel estimation and link performance. On the other hand optimal value for cyclic delay depends on the specific channel realization and statistics. Overall our analysis shows that small delays are applicable and can be applied in a transparent to specification manner.
4 System Level Analysis

In this section, we provide results of system level evaluation for SD-CDD, SFBC schemes and compare it with single antenna transmission. For evaluations, we used two types of receivers MMSE-MRC and MMSE-IRC.

The system level evaluation results of PRR performance in Freeway scenario are shown in Figure 6 and Figure 7. Analysis is provided for the case of switched off co-channel interference and inband emissions (“interference free” - see Figure 6) and for the case with actual inter-vehicle interference (i.e. with modeling co-channel interference and inband emissions - see Figure 7).
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Figure 6: System level evaluation of candidate transmit diversity schemes 
(Freeway deployment scenario without co-channel interference and in-band emission)
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Figure 7: System level evaluation of candidate transmit diversity schemes 
(Freeway deployment scenario with co-channel interference and in-band emission)
Analysing results of system level evaluations and comparing performance of candidate transmit diversity schemes with single antenna transmission option, we draw the following observations:
Observation 4
· In interference free scenario, candidate TxD schemes provide limited PRR performance improvement which can be explained by significant time diversity of V2V channel (i.e. additional spatial diversity gains seen at system level are limited even for SFBC scheme which shows the best performance).

· When inter-vehicle interference is considered, the overall system performance significantly depends on receiver type. MMSE-IRC receiver has significant performance advantage over MMSE-MRC in V2V scenarios.
· In case of using MMSE-IRC receiver, the PRR performance for SD-CDD and single antenna transmission schemes is very close to each other but significantly better comparing to SFBC performance. The latter can be explained by the lack of spatial degrees of freedom to mitigate SFBC interference, which is viewed as a rank-2 interferer at the receiver side (assuming that physical structure of interferer signal is unknown at the receiver side).
5 Summary

In this contribution, we provided link and system level evaluation results of candidate transmit diversity schemes for V2V sidelink communication.
Outcome of our link level analysis in case of low and high mobility as well as in noise and interference limited scenarios is summarized in the following bullets:
· Candidate TxD schemes provide somewhat noticeable performance improvement only in low-mobility scenario. Relative gains are higher for high order modulations / code rates.

· Overall, SFBC TxD scheme shows the best BLER performance in noise limited scenario. In low mobility scenario, it has the same performance as STBC. In case of high mobility, STBC performance starts to degrade.

· Virtual Half Symbol STBC scheme suffer from ISI/ICI, especially noticeable for high data rates.

· The SFBC TxD has the worst CM statistic, although the difference is not high ~ 0.7 dB and may not be noticeable assuming that TX power per antenna is scaled down by 3dB for 2 TX antenna case.

· Transparent TxD schemes based on cyclic delay diversity CDD provide performance gain and reduce the gap relative to non-transparent transmit diversity schemes (e.g. SFBC/STBC). The additional benefit of transparent schemes is that these schemes do not have impact on R14 UE interference mitigation capabilities.

· Non-transparent candidate TxD schemes (with multiple spatial layers) have significant impact on R14 demodulation performance substantially reducing its interference cancellation capabilities.
· It is shown that MMSE-MRC receiver (agreed as a working assumption) has significant performance gap comparing to MMSE-IRC receiver in interference limited scenarios.
Our system level analysis in noise and interference limited scenarios has shown that:

· Candidate TxD schemes provide somewhat limited performance gains at system level that can be explained by significant time diversity of V2V channel.

· MMSE-IRC receiver provides superior performance in V2V scenarios and should be used as a baseline to draw RAN1 conclusions on TxD schemes (feasibility and gain).
· Non-transparent TxD schemes (e.g. SFBC/STBC) have significant impact on demodulation performance of legacy UEs.
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7 Annex A - Evaluation Assumptions

In this section in Table 1 and Table 2 we provide the lists of link and system level evaluation assumptions.
Table 1: Link Level Evaluation Assumptions

	Parameter
	Value

	System bandwidth
	10 MHz

	Waveform
	SC-FDMA

	Code rate
	1/2

	Modulation
	1) QPSK
2) 16-QAM

	FEC type
	CTC

	Tx-Rx antenna configuration,
correlation type
	2x2, half-lambda spacing

	Channel estimation
	Practical (MMSE)

	Channel model
	TR 36.885 NLOS

	Absolute vehicle speed
	15 km/h; 150 km/h

	Frequency allocation
	1) QPSK: 25 PRBs

2) 16-QAM: 12 PRBs

	Receiver type 
	1) MMSE-MRC

2) MMSE-IRC

	TxD schemes
	1) SC SFBC

2) SC STBC

3) SD-CDD
4) Virtual Half Symbol STBC (VS STBC)

	Analysis metrics
	1) Cubic metric

2) BLER vs SINR

	Time/Frequency offset
	No time/frequency offset


Table 2: System Level Evaluation Assumptions
	Parameter
	Value

	Deployment scenario
	LTE R14 V2V methodology 

· Freeway, MTAD = 2.5s, Vehicle speed = 70 km/h

	Traffic model
	4 x 190 byte + 1 x 300 byte; 100 ms period; 100 ms latency

	Resource selection
	LTE R14 resource selection/reselection procedure with the following parameters:

· 1s sensing window duration

· 20% remaining resources ratio

· 16 ms selection window duration

	Number of packet TTIs
	2

	TTI structure
	LTE Rel-14 legacy TTI structure

	Frequency resource allocation
	Adjacent SCI and Data transmission

· 20 PRB Data + 2 PRB SCI Format 1

	Packet Tx parameters
	· 190 byte packet: QPSK, TBS = 1736 (CRTTI = 0.45)

· 300 byte packet: QPSK, TBS = 2472 (CRTTI = 0.64)
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