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Introduction
In the latest RAN1#92 [1] there was no consensus to confirm the working assumption to adopt non-transparent transmit diversity, due to concerns on the impact on Rel-14 UEs with IRC receivers. Therefore, the following working assumptions from RAN1#91 [2] still stand:
· Assuming the previous WA of introducing non-transparent transmit diversity is confirmed, for two-port non-transparent transmit diversity for PSSCH, downselect option 1 as WA among the following candidate schemes 
· Working assumption: Option 1: SFBC-based scheme (including PAPR preserving)
· FFS whether to apply slot-level PVS 
· Option 2: STBC-based (including half symbol)
Note: Companies are encouraged to perform evaluations for the above options

In RAN1#90b [3], it was decided that
· For PSCCH, small delay CDD can be used on PSCCH
· FFS whether the cyclic delay value is specified or left for UE implementation

The following working assumption reached in RAN1#90 meeting [4] still stands:
· For designing PSSCH, RAN1 assumes the use of two-port non-transparent transmit diversity
· The use of non-transparent transmit diversity is configured. 
· Details, including diversity scheme, are FFS
· Support of transmission and/or reception up to UE capability
· Note: It is RAN1 understanding that requirements on capabilities can be set at regional level and are outside 3GPP scope
· Send LS to RAN4 to ask their opinion about when non-transparent scheme for transmit diversity is used by Rel-15 UEs:
· Impact on Rel-14 UEs of PSSCH-RSRP measurement accuracy
· MPR for Rel-15 UEs
· Non-transparent Transmit diversity is not used in the following cases:
· When communicating with Rel-14 UEs
· When there is a high probability of resource collision with Rel-14 UEs
· Note: Some companies observe that the performance of MMSE-IRC receiver degrades when a non-transparent Transmit diversity scheme is used in interference limited scenarios with a dominant interferer

When applying transmit diversity techniques to DFTsOFDM, special care must be taken for preserving the low PAPR characteristics of this waveform. Note that similar discussions took place in the past meetings for both PUSCH and PUCCH transmit diversity for NR, where similar candidate schemes were extensively evaluated [5][6][7][8], and where the discussion on transmit diversity was postponed until after the critical corrections for the early-drop NR specifications are made.
[bookmark: _GoBack]In this contribution, we show how PAPR preserving SFBC transmit diversity (SC-SFBC) can be achieved for DFTsOFDM. Simulation results previously provided in [9] are updated in the companion contribution [10]. This contribution is revised from R1-1802250.

Discussion on diversity-based transmission for DFTsOFDM
In the contribution we investigate the following candidate techniques: PAPR preserving SC-SFBC, other Alamouti-based transmit diversity schemes, short delay CDD, and different types of precoder vector switching in the time domain. 

PAPR preserving SFBC (SC-SFBC)


PAPR-preserving SFBC has already been discussed in the literature [11] and thoroughly discussed in NR sessions [5]. Alamouti precoding is applied at subcarrier level, after DFT precoding, as it can be seen in Figure 1. Alamouti precoded symbols can be mapped onto non-adjacent subcarriersand  in such a way that PAPR is preserved, as in Figure 2. M is the number of allocated subcarriers (DFT precoder size) and p is an even integer, usually chosen as closest possible to M/2 to minimize the distance between subcarriers carrying Alamouti precoded pairs. This PAPR-preserving SFBC is called SC-SFBC [11].
The scheme is further detailed in Figure 6 from Annex A, in an example with M=12 and p=6. In the frequency domain, this corresponds to sending on the second antenna port:

				


where vector  represents a block of DFT precoded modulation symbols x which will be mapped as is onto the first antenna port. This is a DFTsOFDM signal. Since complex conjugation, time reversing, cyclic shifting and sign alternation applied in the frequency domain are PAPR preserving operations with respect to the time-domain signal, the resulting signal transmitted on the second antenna port has the same PAPR as the original signal. Indeed, this is equivalent to sending on the second antenna a DFTsOFDM signal corresponding to an equivalent constellation  with

[bookmark: ZEqnNum312678]	.	
Figure 7 in Annex A exemplifies an equivalent time-domain representation of the PAPR preserving SFBC with M=12 and p=6. Please note that such an equivalent representation is meant for explaining the DFTsOFDM nature of the signal to be sent on the 2nd transmit antenna and it is not proposed for practical implementation, since it is more complex that the frequency domain implementation shown in Figure 1/Figure 6. 
It is obvious that complex conjugation, cyclic shift or phase ramp applied in the time domain conserve the peak to average power ratio of the input constellation and that the signal on the 2nd transmit antenna is a DFTsOFDM signal with the same PAPR as the one on the 1st transmit antenna. This is verified in Figure 3 where the CCDF of the instantaneous normalized power is plotted for DFTsOFDM with STBC, SFBC and the PAPR preserving SC-SFBC.
At the receiver side, SC-SFBC detection is completely equivalent to SFBC detection: only the subcarrier mapping is changed. Precoding onto non-adjacent subcarriers may cause some interference only for large allocated bands and on highly selective channel. This interference is successfully mitigated by a MMSE receiver with low implementation complexity. 

[image: ]Data block x(i)

[bookmark: _Ref468985453]Figure 1 - SFBC for DFTsOFDM 
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[bookmark: _Ref468985465]Figure 2 - Mapping of Alamouti pairs to subcarriers for PAPR preserving SFBC in DFTsOFDM
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[bookmark: _Ref494387326]Figure 3- PAPR of PAPR-preserving SC-SFBC in DFTsOFDM with QPSK
Observation: SC-SFBC has the following advantages:
· PAPR preserving for all constellation types, 
· operating on single symbol DFTsOFDM, 
· full diversity achieving, 
· with low-complexity frequency-domain decoding at subcarrier level.

Other Alamouti-based schemes
Alamouti-based schemes such as classical STBC and SFBC are full diversity and are easily combined with OFDM-based waveforms: when applied at subcarrier level (between subcarriers within the same (SFBC) or within different (STBC) DFTsOFDM symbols), low complexity MMSE detection can be employed on couples of subcarriers involved in Alamouti precoding. Classical STBC (among successive DFTsOFDM symbols) and classical SFBC (among consecutive subcarriers within a DFTsOFDM) display some drawbacks 
Classical SFBC is known to beak the PAPR of DFTsOFDM. As can be seen in Figure 3, loss can be as high as 0.9dB for QPSK. Slightly lower loss is observed for higher modulation orders.
Classical STBC suffers from the orphan symbol problem: precoding in the time domain involves two DFTsOFDM symbols that need to cross the same channel. This renders STBC non-applicable in some scenarios such as sTTI with odd number of symbols, or in combination with frequency hopping having odd number of OFDM symbols per hop. Moreover, STBC suffers from robustness loss at high speed (partly mitigated through MMSE detection), which is particularly sensitive in V2X scenarios. 







Modified STBC scheme allows processing within a single DFTsOFDM symbol. Split-symbol STBC [12] performs pre-DFT Alamouti between a first and a second symbol half:  and . This leads creating Alamouti pairs in positions n and  based on symbols  and  with , which leads to a maximum precoding distance of M-1. A better option would be to reduce the maximum precoding distance by choosing . Although this option may partly mitigate the channel orthogonality loss in the presence of high Doppler, it does not solve all the problems highlighted here-below.
[bookmark: _Ref492586162]Table 1- Characteristics of Alamouti-based implementations with respect to classical SFBC
	
	SC-SFBC [11]
	SS-STBC [8] with receiver option 1
	SS-STBC [8] with receiver option 2
	SS-STBC with pre/postfix [12] or 0 padding 

	PAPR
	PAPR preserving
	PAPR preserving
	PAPR preserving
	PAPR preserving

	Transmitter complexity
	Same as SFBC, only mapping to subcarrier differs
	One extra M-size DFT 
	One extra M-size DFT
	One extra M-size DFT

	Spectral efficiency penalty
	No
	No
	No
	Penalty depending on padding/prefix size and RA size

	Receiver complexity
	Low complexity inversion of 2x2 matrix for MMSE 
	4 extra M/2-point DFTs; 
MMSE is also needed for high Doppler and/or  dispersive channels
	1 extra M-point DFT and channel scaling
MMSE is also needed for high Doppler and/or  dispersive channels
	Same as SS-STBC Erreur ! Source du renvoi introuvable. with receiver option 1 or 2



Pre-DFT precoding leads to increased complexity, since 2 DFT operations need to be performed for each DFTsOFDM symbol at the transmitter side. To limit the mutual interference between the a and b halves of the symbol, a cyclic prefix/postfix or zero padding of sufficient length to absorb both the multipath channel and the interference due to DFTsOFDM joint processing of the two halves needs to be inserted in between these halves, at the expense of spectral efficiency loss. Insufficient cyclic pre/postfix leads to performance degradation, especially in highly selective channels. This cyclic prefix/postfix insertion also enables frequency-domain decoding of the split-symbol STBC, with some extra complexity wrt to SFBC-type precoding (two extra DFTs and two extra IDFTs of size (M-Npre/postfix)/2). Further complexity and performance comparison has been conducted in [5] and is summarized in Table 1 .Taking into account the previous analysis, SC-SFBC is preferred over other Alamouti-based schemes. 

Short-delay/Long delay CDD
[image: ]
[bookmark: _Ref481576044]Figure 4 – Short delay CDD
Short delay (SD) CDD (Figure 4) transforms the spatial diversity into frequency diversity. For single layer transmission this is achieved by sending onto a second antenna port a cyclically delayed copy of the signal sent on a first antenna port, which is equivalent to SIMO transmission over a channel with modified impulse response. Cyclic delay operation can be implemented as a phase ramp applied in the frequency domain, similar to a precoding operation. With short delays (within the order of several samples), SD-CDD is equivalent to a SISO transmission onto an equivalent channel with more frequency diversity than the original one. As long as the delay is short enough, this scheme can be implemented in a transparent manner (the receiver does not need to have any knowledge about the existence or the amount of delay applied at the transmitter side).
Long delay CDD can be implemented in a similar manner at the transmitter side, but with delays that are much longer (in the order of, for example, half of an OFDM symbol). There is an impact on the channel estimation at the receiver side.
CDD is not a full-diversity scheme: it transforms spatial diversity in frequency-diversity. It achieves enhanced frequency diversity via coding. CDD performance quickly degrades with relaxed coding rate and/or in scenarios where other sources of diversity are available, rendering the channel enhancement gain limited (e.g. high speed, very selective channels, frequency hopping). CDD has already been investigated for NR control channels in [6].
Observation: Short delay CDD is not a full-diversity scheme and its performance is very sensitive to increasing the coding rates. Gain is limited onto channels with already long delay spreads and/or at high speed.




Time domain precoder vector switching for DFTsOFDM
Time domain cycling within a slot can be implemented through antenna/precoder switching. Time domain PVS within a slot can be implemented in either transparent (data and DMRS are precoded with the same precoder) or non-transparent manner (data and DMRS use different precoders), as in Figure 5.
	[image: ]
a) DM-RS transparent precoder cycling
	[image: ]
b) Non-transparent precoder cycling


[bookmark: _Ref481679428]Figure 5 – Time-domain beam/precoder cycling within a slot
DM-RS transparent requires at least one DM-RS to be present in each time-domain duration corresponding to a given precoder, as in Figure 5a. This is equivalent to frequency hopping and/or open loop transmit antenna selection (OL-TAS) within the slot. This scheme has degraded performance at high speed, since channel tracking is not possible between DM-RS in different time-domain bundles. Sufficient DM-RS need to be inserted in order to estimate channels for all precoders cycled during a codeword transmission, which leads to denser DM-RS pattern in the time domain than Alamouti-type precoding or CDD, at least for low/medium-speed scenarios (DM-RS pattern is Nbeams/precoders times denser in the time domain resulting in higher DM-RS overhead). 
DM-RS-transparent beam/precoder cycling is not a full-diversity scheme: it achieves enhanced time diversity via coding. 
Observation: DM-RS-transparent PVS within a slot is sensitive to increased coding rates, sensitive at high speed and has high DM-RS overhead at low/medium speed.
Cycling in a non-transparent manner also requires one DM-RS per antenna port and knowledge on the number/structure of the precoders to be cycled (Figure 5b). Although channel tracking in the time domain is possible in this case, gain is dependent on the number of precoders. Due to the limitations in the precoder choice imposed by the DFTsOFDM structure (need to keep the low PAPR property), cycling with more than 2 precoders is hardly feasible. Also, any extra time diversity thus provided is only recovered through coding, which renders the scheme sensitive to increased coding rates. The interest of specifying this family of schemes is unclear: it requires the same number of DM-RS resources and amount of specification effort as Alamouti-based schemes, and it is not full-diversity achieving.
Observation: DMRS non-transparent PVS within a slot is not full-diversity achieving, is sensitive to increased coding rates and it requires the same number of DM-RS resources and amount of specification effort as Alamouti-based schemes.

On the other hand, time domain cycling across slots can be implemented through antenna/precoder switching, which is useful in mitigating large scale fading and/or blocking effects. This technique can be successfully combined with intra-slot transmit diversity such as full diversity achieving Alamouti-based schemes.
Observation: PVS across slots is useful in mitigating large scale fading and can be easily combined with intra-slot transmit diversity such as full diversity achieving Alamouti-based schemes.



Conclusion
Observation: SC-SFBC has the following advantages:
· PAPR preserving for all constellation types, 
· operating on single symbol DFTsOFDM, 
· full diversity achieving, 
· with low-complexity frequency-domain decoding at subcarrier level.
Observation: Short delay CDD is not a full-diversity scheme and its performance is very sensitive to increasing the coding rates. Gain is limited onto channels with already long delay spreads and/or at high speed.
Observation: DM-RS-transparent PVS is sensitive to increased coding rates, sensitive at high speed and has high DM-RS overhead at low/medium speed.
Observation: DMRS non-transparent PVS is not full-diversity achieving, is sensitive to increased coding rates and it requires the same number of DM-RS resources and amount of specification effort as Alamouti-based schemes.
Observation: PVS across slots is useful in mitigating large scale fading and can be easily combined with intra-slot transmit diversity such as full diversity achieving Alamouti-based schemes.

Proposal: Support SC-SFBC Alamouti-based transmit diversity for PSSCH.



Annex A: SC-SFBC example for M=12 subcarriers and shift p=6

[image: ]
[bookmark: _Ref473730707]Figure 6 - SC-SFBC example for M=12 subcarriers and shift p=6

[image: ]
[bookmark: _Ref473731266]Figure 7 - SC-SFBC example for M=12 subcarriers and shift p=6: equivalence with time-domain representation
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