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1	Introduction
A new WID on 3GPP V2X Phase 2 was agreed in RAN meeting#75 [1], with the transmit diversity described as follows:

2. 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 RAN1#88bis, the potential transmit diversity schemes were initially discussed and the evaluation conditions were discussed and agreed [2]. This paper discusses the potential transmit diversity schemes for PC5 operations. The initial evaluation results for the PC5 operations with transmit diversity are presented in a companion paper [3]. 
2	General views 
For PSCCH, transparent transmit diversity scheme shall be used due to the requirement that it can be decoded by the legacy Rel-14 UEs. A straightforward transparent transmit diversity scheme is small-delay CDD (SD-CDD), where the transmit signals, including data signals and DMRS, on transmit antenna port 2 is cyclically delayed over the signals on transmit antenna port 1 with the cyclic delay within CP duration. The potential problem of this scheme is that since the cyclic delay is generally rather small (fraction of CP), the transmit diversity is present over a relatively large transmission bandwidth, which is in contrast to the small bandwidth of PSCCH (2PRB). Anyway, the power gain of two transmit antennas can be achieved. 
For PSSCH, transparent or non-transparent transmit diversity scheme could be used to improve the link performance. The potential candidate transmit diversity schemes at least include SD-CDD, STBC, SFBC, PVS in time domain, as agreed in previous meeting for further evaluation. For the non-transparent transmit diversity schemes, the two transmit antenna ports are generally required to be estimated separately. In order to enable PSSCH RSRP measurement by legacy Rel-14 UEs with the impact as less as possible, the DMRS of the two transmit antenna ports can be CDMed (i.e. with further cyclic shifting for the 2nd antenna port) with the DMRS of the 1st antenna port backward compatible.
This paper mainly focuses on the potential transmit diversity schemes for PSSCH, which is discussed in next section in details. 
3	Potential transmit diversity schemes for PSSCH
3.1 Potential transmit diversity schemes
The potential transmit diversity schemes at least include STBC, SFBC, CDD, and PVS, as discussed in previous meeting. This section will discuss the details of these schemes and their advantages and disadvantages. 
STBC
STBC is a common transmit diversity scheme that makes the encoding/mapping over two time symbols and two transmit antennas. Under the condition that the channel remains quasi-static over the two time symbols and spatially uncorrelated over the two transmit antennas, the full diversity gains could be achieved with low-complexity coherent combination detection (a.k.a. Alamouti combination). 
With the DFT-precoding present, to keep the low-PAPR property, the STBC encoding could be made based on DFT-precoding output data blocks, as shown in Figure 1(a). In the context of V2X PC5 subframe, there are two mapping ways for STBC, as shown in Figure 1(b) and 1(c), denoted by STBC-1 and STBC-2, respectively. In STBC-1, STBC encoding is performed over the two data symbols on both sides of each DMRS symbol, while in STBC-2, STBC encoding is performed over the two adjacent data symbols. 
In either of the STBC scheme, there is an orphan symbol (i.e. symbol#0 in STBC-1 and symbol#12 in STBC-2). For this orphan symbol, any of the transmit diversity schemes described below could be used.


(a) STBC encoding


     
(b) STBC-1: over non-adjacent data symbols                       (c) STBC-2: over adjacent data symbols

Figure 1: Illustration of STBC encoding and mapping
SFBC
SFBC is also a common transmit diversity scheme which was adopted in LTE. The SFBC encoding is over two subcarriers, instead of over two time symbols in STBC. SFBC has generally two implementations in SC-FDMA system as shown in Figure 2(a) and 2(b), denoted by SFBC-1 and SFBC-2, respectively. These two SFBC schemes have inverse properties: 
· SFBC-1 makes the encoding over adjacent subcarriers, so better diversity gains could be achieved with low-complexity detection. Its potential problem is its unbalanced PAPRs on the two antennas (TX2 PAPR is slightly larger than TX1). 
· SFBC-2 was proposed in [4] to address the PAPR issue in SFBC-1. However, SFBC-2 makes the encoding over non-adjacent subcarriers with the subcarrier spacing up to M/2, where M denotes the number of allocated subcarriers for transmission. Thus, the channels over the two subcarriers are generally not quasi-static, which may degrade the link performance even with complicated detector. Actually, without quasi-static channel assumption, the specific Alamouti encoding makes little sense.


(a) SFBC-1: over adjacent subcarriers



(b) SFBC-2: over non-adjacent subcarriers
Figure 2: Illustration of SFBC encoding and mapping

CDD
CDD is implemented by introducing cyclic delay on the second transmit antenna, which is equivalent to creating an artificial multipath from the second transmit antenna. Thus, if the multi-transmit antenna channels are uncorrelated, some diversity could be achieved over the used frequency resource. CDD can be further divided into two types
· Large-delay CDD (LD-CDD): the cyclic delay is generally larger than CP length, e.g. half of the symbol duration. Thus, the channels from the two transmit antennas shall be estimated separately. 
· Small-delay CDD (SD-CDD): the cyclic delay is generally fraction of CP length. Thus, the SD-CDD is transparent to the receivers and only the channels from the single transmit antenna port are needed to estimate. 
Note that in principle, LD-CDD may provide larger diversity gain (especially within narrow bandwidth), but the channel estimation performance is generally worse than that in SD-CDD given the same resource for DMRS of the antenna port(s). Hence, there is a balance between the diversity gains and channel estimation. 

PVS
In PVS, open-loop precoding vector switching is used in time and/or frequency domain to change the equivalent channels during the data transmission, thus achieves diversity gains in the packet transmission. Generally, the PVS can be used in time per data SC-FDMA symbol within the V2X subframe, e.g. precoder cycling within the precoder sets {[1, 1], [1, -1], [1, j], [1, -j]} (here the normalization factor is not shown). In this way, the SC-FDMA property of each data symbol is not destroyed and the PAPR is not impacted. 
PVS can also be used in frequency per subcarrier and keep the low PAPR of the transmit signals meanwhile. To achieve this, the precoder cycling shall be implemented in an appropriate way, e.g., cycling in the order of {[1, 1], [1, j], [1, -1], [1, -j]} or the reverse order. 
The PVS can also be implemented in both time (e.g. per data symbol) and frequency (e.g. per subcarrier), by simple element-wise production of the cycled precoders in time domain and frequency domain.  

FSTD with dual DFT-precoding
Except the above transmit diversity schemes, another potential transmit diversity scheme, frequency-switching transmit diversity (FSTD) with dual DFT-precoding, is also evaluated. Figure 3 shows the processing of the scheme. The data symbol vector with size M are divided into two parts, and each part goes through M/2-point DFT-precoding and then, the DFT-precoding output of first part is mapped to the even-numbered subcarriers of transmit antenna port 1 while the second part is mapped to the odd-numbered subcarriers of transmit antenna port 2. 
The benefits of this scheme lie in two aspects: 1) the transmit signals have lower PAPR than single antenna case; 2) the data detection can be flexibly based on whole symbol or half-symbol. The flexibility may make it suitable for the first symbol (e.g. the orphan symbol in Figure 1(b)) where the distortion caused by AGC handling in first half symbol duration can be avoided with half-symbol based data detection. 



Figure 3: Illustration of processing for FSTD with dual DFT-precoding


3.2 PAPR/CM analysis
A technical concern of the transmit diversity schemes is the PAPR/CM of the transmit signals. In this section, some numerical results are presented about the PAPR/CM of the transmit diversity schemes discussed above. The PAPR and CM of SFBC-1, SFBC-2, FSTD and single antenna port are shown in Figure 4 and Figure 5 respectively. In the numerical results, it is assumed that N=1024 and M=240 (i.e. 20 PRBs). Note that the PAPR/CM of CDD, STBC, and PVS are the same as single antenna case, thus not shown in the figures.
From the PAPR/CM results, we can get the following observations:
Observation-1: For SFBC-1, there is small increase in antenna 2 signal CM/PAPR by about 0.7dB compared with single antenna port, while antenna 1 signal of SFBC-1 has the same PAPR as single antenna. 
Observation-2: For FSTD with dual DFT-precoding, lower PAPRs are observed for both antennas than single antenna case, while in CM metric they are close to each other. 
Observation-3: SFBC-2 (and LD-CDD/SD-CDD, STBC-1/STBC-2 and PVS) signals have same CM/PAPR as single antenna case.

[image: ]
Figure 4: CDF of PAPR
 [image: ]
Figure 5: CDF of CM (note the additional offset in CM is not included)

3.3 Performance evaluations
The link performance evaluation results are presented in a companion paper [3]. For convenience, the observations in the link performance evaluation in [3] are copied here. 
Observation-4: In all the cases, SFBC-1 (with simple coherent combination) has the best performance among all the evaluated transmit diversity schemes. It is better than SFBC-2 (with LMMSE detector) by at least 1.0dB in most cases. 
Observation-5: In most cases, STBC-1 and STBC-2 achieve similar performances. STBC-1 (with LMMSE detector) is more robust than STBC-2 to super high Doppler (and first symbol distortion caused by AGC handling). 
Observation-6: In super high mobility (500kmph), deliberate abandoning the first symbol may improve the detection performance greatly for transmit diversity schemes except STBC-2. 
Observation-7: LD-CDD, SD-CDD, PVS and FSTD with dual DFT-precoding achieve similar performances, which have little performance gain over single transmit antenna port.

3.4 Discussions
Based on descriptions above, from link performance perspective, SFBC-1 achieves the best performance with low-complexity detection. It is more robust to the channel varying in time than STBC-1 and STBC-2, and more robust to the channel variations in frequency than SFBC-2. 
In comparison with SFBC-2, the performance gain of SFBC-1 (by at least 1.0dB in most cases) exceeds the CM/PAPR increase (about 0.7dB at the transmit antenna 2). Additionally, data transmission with SFBC-2 over wider bandwidth may lead to further performance degradation due to its sensitivity to frequency selectivity. Thus, SFBC-1 is preferred among the two potential schemes of SFBC.
The two STBC schemes achieves ideal PAPR/CM and in most cases, they achieve similar link performances. However, STBC-1 (with LMMSE detector) is somewhat preferred to STBC-2 considering that the first symbol within the V2X subframe may be distorted by AGC handling and/or may suffer channel estimation penalty in super high mobility (in STBC-2 two M-length data blocks are carried in first symbol). For STBC-1, the first symbol is an orphan symbol as shown in Figure 1(b). The FSTD with dual DFT-precoding may be considered for this orphan symbol due to its flexibility that whole symbol based detection can be used to achieve diversity (if distortion from AGC handling is absent) or half symbol based detection can be used to improve spectral efficiency (if distortion from AGC handling is present)

Proposal 1: Down-select the V2X PC5 transmit diversity candidate schemes to SFBC-1 and STBC-1 for further study. 


4	Conclusion
In this paper, the transmit diversity schemes for V2X PC5 transmission are discussed. Based on the discussions, the following observations and proposal are obtained. 
From PAPR/CM perspective,  
Observation-1: For SFBC-1, there is small increase in antenna 2 signal CM/PAPR by about 0.7dB compared with single antenna port, while antenna 1 signal of SFBC-1 has the same PAPR as single antenna. 
Observation-2: For FSTD with dual DFT-precoding, lower PAPRs are observed for both antennas than single antenna case, while in CM metric they are close to each other. 
Observation-3: SFBC-2 (and LD-CDD/SD-CDD, STBC-1/STBC-2 and PVS) signals have same CM/PAPR as single antenna case.

From link performance perspective (copied from [3]),
Observation-4: In all the cases, SFBC-1 (with simple coherent combination) has the best performance among all the evaluated transmit diversity schemes. It is better than SFBC-2 (with LMMSE detector) by at least 1.0dB in most cases. 
Observation-5: In most cases, STBC-1 and STBC-2 achieve similar performances. STBC-1 (with LMMSE detector) is more robust than STBC-2 to super high Doppler (and first symbol distortion caused by AGC handling). 
Observation-6: In super high mobility (500kmph), deliberate abandoning the first symbol may improve the detection performance greatly for transmit diversity schemes except STBC-2. 
Observation-7: LD-CDD, SD-CDD, PVS and FSTD with dual DFT-precoding achieve similar performances, which have little performance gain over single transmit antenna port.

Based on the above observations, make the following proposals
Proposal 1: Down-select the V2X PC5 transmit diversity candidate schemes to SFBC-1 and STBC-1 for further study. 
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