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1. Introduction
In RAN #75, one of the objective in the agreed V2X Phase 2 WI is to study and specify (if justified) transmit diversity for PC5 operation [RP-170798]:
	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 this contribution, we provide some preliminary discussion on this objective.
2. Transmit diversity for V2X
2.1. Potential gains: link level performance with single-port Rel-14 transmissions
While not explicitly stated in the objective, the primary intention of this work (in our understanding) was to study and introduce (if justified) a transmit diversity scheme for data channel (PSSCH). With the Rel-14 PSCCH link curves being unchanged (ideally), we can then look at the link curves for PSSCH for different MCS to investigate if there are any gains to be exploited using transmit diversity for data.
Figure 1 and Figure 2 compare the link level performance of PSCCH and PSSCH for low Doppler (speed of 15kmphr) and high Doppler (speed of 250kmphr) channels, respectively. MCS 0…10 are simulated for PSSCH with the number of RBs fixed to 10 RBs, and TBS size determined by the MCS. Further note that the link curve for PSCCH does not account for PSD boosting – thus for a given link, the PSCCH SNR is 3dB better than for PSSCH. In other words, from viewpoint of a single link, the effective PSCCH link curve is improved by 3dB SNR boost.
We observe that PSSCH link performance can be the bottleneck in many cases compared to PSCCH, and it might be worth exploring transmit diversity schemes for PSSCH. In high speeds, channel estimation becomes quite challenging and impacts the performance of PSSCH and PSCCH. Hence the impact of introducing transmit diversity in high-Doppler channels should also be investigated.

Observation 1: Transmit diversity for PSSCH may provide potential gains to link performance; however, the achievable gains need to be investigated in both low- and high-Doppler channels.
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[bookmark: _Ref478104762]Figure 1: Link level performance of PSCCH and PSSCH (MCS 0...10; NRB = 10); Speed = 15kmphr (opposite direction Tx-Rx)
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[bookmark: _Ref478104765]Figure 2: Link level performance of PSCCH and PSSCH (MCS 0...10; NRB = 10); Speed = 250kmphr (opposite direction Tx-Rx)


2.2. Transmit diversity for data channel (PSSCH)
Transmit diversity schemes for SC-FDM waveform (LTE-A UL and recently NR) has been quite extensively studied in 3GPP (e.g. for PUSCH: R1‑091463, R1‑091546, R1‑091212, R1‑091244, R1‑091278, etc.; and e.g. for current discussion on NR UL: R1-1702601, R1-1701925, etc.). 
The purpose of this section is to present the alternatives and down-select some schemes for initial analysis. We propose to focus of 2-Tx transmit diversity schemes for PSSCH. Compared to prior work and analysis on UL transmit diversity, one differentiating factor for V2X is high-Doppler. In Rel-14 signal design, it was observed that channel estimation becomes the bottleneck in high-Doppler cases. This may change the trade-offs, e.g., in favour of schemes that do not need separate DMRS port (small delay CDD), and remains to be evaluated.
The key comparison factors include:
a) Diversity order – performance
b) Transparent / non-Transparent – Transparent schemes can be decoded by Rel-14 UEs, will not need any indication in PSCCH using reserved bits, and will not need separate DMRS port
c) DMRS port –for non-transparent schemes, orthogonal DMRS ports will be needed (different cyclic shift). This can degrade the channel estimation performance on each port due to reduced power (3dB) on each transmit antenna. Degraded channel estimation may counter some of the diversity advantage.
Some of the transmit diversity schemes for PSSCH possible are discussed below.
1. Fixed precoder / PVS (precoding vector switching) / TAS (transmit antenna selection)

These schemes are simple to implement, but also provide limited diversity gain. One advantage is that these are transparent to the receiver and can thus benefit Rel-14 receiver UEs as well. The diversity gain however is limited and other alternatives (like small delay CDD) might provide improved diversity for PSSCH.

2. STBC (space time block coding)

Alamouti based STBC achieves full diversity, while maintaining the single-carrier property. However, it needs two DMRS ports and will thus negatively impact channel estimation performance (primarily due to power split between two cyclic shifts). It’s also not transparent to the receiver UE and thus is not backwards compatible (Rel-14 receiver UEs cannot decode).

STBC also requires even number of symbols, while PSSCH has odd number of symbols. Further, the first symbol can be lost at the receiver for AGC setting. Thus, for PSSCH, one option is to perform SFBC over pair of symbols leaving out the first symbol. The first symbol will then need a separate diversity scheme. 


[bookmark: _Ref478060755]Figure 3: 2-Tx STBC (Alamouti over adjacent symbols) [R1-092066]

3. (Virtual) Half-symbol STBC
As described above, one of the constraints on STBC is the requirement of having even number of symbols. One alternative as proposed for NR PUCCH is using virtual half-symbol split of each symbol to yield even number of symbols [R1-1702601]. This scheme thus provides the full diversity, maintains the single-carrier property, and is not constrained by the number of symbols. The key difference from STBC depiction in Figure 3 is that Alamouti coding is performed pre-DFT precoding.
The scheme is described in detail in R1-1702601.
4. SFBC (space frequency block coding)

As adopted for 2-Tx DL transmit diversity, SFBC can be done using Alamouti coding over adjacent tones. However, as noted in the past work, this breaks the single-carrier property and results in higher CM.

Low PAPR alternatives to SFBC (adjacent tone) are possible: e.g., R1-1700648 / R1‑091546, with tradeoff in channel variations as Alamouti is done over tones that are not adjacent to each other.



Figure 4: 2-Tx SFBC (Alamouti over adjacent tones)

5. Small delay CDD (cyclic delay diversity) 

CDD transmit diversity scheme can be easily implemented at the transmitter, and small delay CDD is also transparent to the receiver. At the receiver, it translates to observing a channel h_1(t) + h_2(t-delta), where delta is the delay inserted on the second Tx antenna. Thus the effective channel delay spread increases, but owing to the small delay the effective increase in delay spread can be kept small.

CDD essentially translates spatial diversity to frequency diversity; with small delay distributing the spatial diversity over the transmission BW, while large delay (e.g. Ns/2) distributing over adjacent subcarriers. Thus small delay CDD is unable to exploit the spatial diversity in its entirety for small RB allocations. Further, CDD does not provide any uncoded diversity (in contrast to Alamouti), and is known to have degraded performance in correlated channels.

Small delay CDD however has a channel estimation advantage (as it does not need two DMRS ports) and can potentially provide improved performance (even with diversity order is < 2) for V2X PSSCH. Small delay CDD is transparent to the receiver UE and will then be decodable by Rel-14 UEs as well.


6. Large delay CDD (cyclic delay diversity)

Large delay CDD distributes the spatial diversity over a smaller number of tones (e.g., with delay of Ns/2 as used on LTE DL TM3, the spatial diversity is distributed over adjacent tones). LD-CDD, however, is not transparent to the UE as the two channel responses (one from each transmit antenna) will show up with a shift of Ns/2. This knowledge is required at the receiver to estimate both the channels independently.

Although this has the advantage of better distributing spatial diversity for small RB allocations, due to the non-transparent nature the channels need to be estimated individually and the channel estimation will suffer due to reduced power for each transmitter (3dB).

7. FSTD (frequency switched transmit diversity)

FSTD scheme is depicted below. It does not achieve full diversity and does not provide any uncoded diversity (like CDD; and in contrast to SFBC/STBC). It also required 2 DFT precoders to maintain the single carrier property.


Figure 5: FSTD [R1-092066]

8. SORTD (space orthogonal resource transmit diversity) 

SORTD is currently used for LTE PUCCH. SORTD uses two PUCCH resources, transmitting on one resource from each antenna. Thus, while SORTD achieves full diversity, it requires twice the amount of resources. Hence, in our view, SORTD may not be an attractive option for PSSCH.
[bookmark: _Ref478104375]Table 1: Summary of Tx Diversity schemes
	Tx diversity scheme
	Diversity order (for 2Tx)
	Transparent / non-transparent 
	DMRS ports needed
	Comments

	Fixed precoder / PVS / TAS
	< 2
	Transparent
	1
	Pros
· Transparent to receiver
Cons
· Limited diversity gains

	STBC
	2
	Non-transparent
	2
	Pros
· Achieves full diversity
Cons
· Non-transparent
· Needs even number of symbols

	SFBC
	2
	Non-transparent
	2
	Pros
· Achieves full diversity
Cons
· Non-transparent
· Breaks single-carrier property

Low PAPR / SC property preserving modifications possible [R1‑091546], but no longer operate on adjacent tones.

	Half-symbol STBC [R1-1702601]
	2
	Non-transparent
	2
	Pros
· Achieves full diversity
· Works for any # symbols
Cons
· Non-transparent

	Small delay CDD
	< 2
	Transparent
	1
	Pros
· Transparent
Cons
· Limited diversity gains for small transmission bandwidths
· Performance impacts with spatial correlation

	Large delay CDD
	< 2
	Non-transparent
	2
	Pros
· Larger diversity gains for small transmission bandwidths (compared to small delay)
Cons
· Non-transparent
· Performance impacts with spatial correlation

	FSTD
	<2
	Non-transparent
	2
	Pros
· Stable performance in spatially correlated channels
Cons
· Requires 2 DFTs



Based on the discussion above and the summary presented in Table 1, we make the following proposals:
Proposal 1: Focus on 2-Tx transmit diversity schemes for PSSCH. 
Proposal 2: Robustness of the Tx diversity schemes for PSSCH in high-Doppler conditions should be investigated.
Proposal 3: Further study the performance of following transmit diversity schemes for PSSCH:
· STBC (in pairs, and alternate diversity for first symbol)
· Virtual half-symbols STBC as proposed in R1-1702601
· Small delay CDD
3	Conclusion
In this contribution, we make the following observations and proposals regarding transmit diversity for V2X.
Observation 1: Transmit diversity for PSSCH may provide potential gains to link performance; however, the achievable gains need to be investigated in both low- and high-Doppler channels.
Proposal 1: Focus on 2-Tx transmit diversity schemes for PSSCH. 
Proposal 2: Robustness of the Tx diversity schemes for PSSCH in high-Doppler conditions should be investigated.
Proposal 3: Further study the performance of following transmit diversity schemes for PSSCH: 
· STBC (in pairs, and alternate diversity for first symbol)
· Virtual half-symbols STBC as proposed in R1-1702601
· Small delay CDD
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