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Introduction
In the latest RAN1#90 meeting [1] the following was agreed:
· For CP-OFDM waveform based PUSCH, operation with UL transmission diversity is transparent to specification
· For DFTsOFDM waveform based PUSCH, further consider the following alternatives:
· Alt. 1: Alamouti-based transmit diversity is supported for PUSCH with DFTsOFDM 
· Note: there are several possible schemes proposed in various contributions. 
· FFS exact scheme with the aim to finalize in the next meeting
· Alt. 2: Time domain beam/precoder cycling is supported for PUSCH with DFTsOFDM
· FFS exact scheme with the aim to finalize in the next meeting
· If Alt 1 and Alt 2 is not supported or either of them is supported and is not configured
· Alt. 3: For NR in Rel-15, UL transmit diversity is not explicitly supported for PUSCH with DFTsOFDM.
· Companies are encouraged to further perform analysis and evaluations (link and/or system-level) regarding the above schemes
Considering the previous agreement on DL transmit diversity from RAN1#89 [2] stating that for NR in Rel-15, DL transmission scheme 2 is not explicitly supported for unicast PDSCH in specification, it means that transmit diversity is specification transparent for both UL and DL CP-OFDM.
DFTsOFDM has been adopted as a complementary waveform targeted especially for data transmission of link budget limited users, and for the long format of the uplink control channel. In these scenarios, transmission robustness is a key issue and transmit diversity techniques are highly appropriate, since diversity gain can be obtained even with imperfect CSI. DFTsOFDM is a stronger use case for transmit diversity than CP-OFDM. One should also take into account the fact that, with CP-OFDM, frequency-domain precoder cycling can - under certain conditions- be implemented is a specification-transparent manner, and offers performance improvement in a number of scenarios. With DFTsOFDM, frequency-domain precoder cycling is not possible since it is PAPR distructive.
When applying transmit diversity techniques to DFTsOFDM, special care must be taken for preserving the low PAPR characteristics of this waveform. In this contribution, we show how PAPR preserving transmit diversity can be achieved for DFTsOFDM.

Rank 1 diversity-based transmission for DFTsOFDM
DFTsOFDM has been decided to be applied to rank 1 transmission in link budget limited scenarios. This is a textbook case scenario for transmit diversity techniques, where channel knowledge is limited. Transmit diversity techniques described hereinafter can be combined with beamforming to result in beamformed transmit diversity. Combination is being done in a semi-open loop manner, where beamforming is done relying on a relatively long term channel knowledge and transmit diversity is applied e.g. onto the two polarizations of the beam pair pointing in the DoD/DoA optimal directions.
In the contribution we investigate the following candidate techniques: Alamouti-based transmit diversity (PAPR preserving SFBC, split symbol STBC), short delay CDD, and different types of time-domain precoder/beam cycling (e.g. antenna port switching). 

Low PAPR Alamouti-based transmit diversity
Alamouti-based schemes 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 due to the orphan symbol problem for classical STBC and PAPR loss for classical SFBC respectively. Solutions to overcome these drawbacks are explained in the following.
Observation: Full diversity PAPR-preserving Alamouti-based transmit diversity applied in frequency or time domain within one single OFDM symbol exist for DFTsOFDM.
Alamouti-based schemes are full-diversity schemes. Alamouti-based schemes require 2 DM-RS ports and are neither specification transparent nor DM-RS transparent. 

PAPR preserving SFBC (SC-SFBC)


PAPR-preserving SFBC has already been discussed in the literature [3] and thoroughly described in our previous contributions [4], [5], [6], [7]. 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 [3].
The scheme is further detailed in Figure 15 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
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Figure 16 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 15. 
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[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
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 4 where the CCDF of the instantaneous normalized power is plotted for DFTsOFDM with STBC, SFBC and the PAPR preserving SC-SFBC.
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Figure 3- PAPR of PAPR-preserving SC-SFBC in DFTsOFDM with QPSK
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[bookmark: _Ref468986459]Figure 4 - PAPR of PAPR-preserving SC-SFBC in DFTsOFDM with different BPSK constellations for 4RBs
One issue that was raised in the previous meetings is the compatibility of SC-SFBC with BPSK-type modulations. BPSK pi/2 reduces the PAPR of BPSK by limiting the phase transitions between successive constellation points. Further PAPR reduction can be obtained with frequency domain pulse shaping (FDPS) [8]. In Figure 4 we show that SC-SFBC preserves the PAPR of BPSK, pi/2 BPSK and pi/2 BPSK with FDPS. The FDPS filter used in the simulations is the filter in Option 1 from [8], without excess bandwidth, implemented in the frequency domain. From equation  it is clear that the extra phase transition between two successive constellation points introduced onto the equivalent constellation by the SC-SFBC mapping is 2(p-1)π/M, which, with p=M/2 becomes very close to π. For pi/2 BPSK constellation, this points the other constellation point from the same pair and does not change the PAPR advantage of pi/2 BPSK: the equivalent constellation on the 2nd transmit antenna is also a pi/2 BPSK constellation. For the pi/2 BPSK with FDPS, since FDPS is applied to both transmit antennas, which both convey a pi/2 BPSK constellation, the PAPR is also equivalent. This is shown by simulation results in Figure 4.
Observation: SC-SFBC has the following advantages:
· PAPR preserving for all constellation types, including BPSK pi/2 with or without frequency domain pulse shaping
· operating on single symbol DFTsOFDM, 
· full diversity achieving, 
· with low-complexity frequency-domain decoding at subcarrier level.

Split-symbol STBC (SS-STBC)


Split-symbol STBC [9] performs pre-DFT Alamouti between a first and a second symbol half:  and . There is a strong similarity between the generation of split-symbol STBC in the time domain and the frequency-domain generation of SC-SFBC in the frequency domain, relying on symbol order reversing, sign changes and complex conjugation in order to obtain desired features via Fourier transform properties. Nevertheless, frequency domain properties of the two schemes are fundamentally different.
Split-symbol STBC is PAPR preserving, operating on single symbol DFTsOFDM, full diversity achieving. 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). 
Observation: SS-STBC is PAPR preserving, operating on single symbol DFTsOFDM, full diversity achieving.

Comparison between different Alamouti-based solutions
Several Alamouti-based solutions were proposed in RAN1#90:
· SC-SFBC ([3])
· Same solution is proposed in [4], [10]
· SS-STBC ([9])
· Proposed in [11], two receiver options with different complexity/performance 
· With extra zero padding to mitigate interference between the two symbol halves [12]
These schemes are all full diversity achieving, suitable for any number of DFTsOFDM symbols in a slot and do not have any orphan RE issues. They are all PAPR preserving for modulation orders QPSK or higher. If pi/2 BPSK is applied, zero padding in [12] may have an impact due to the constellation modification forcing the phase to go through zero, further study is needed to evaluate the impact on the PAPR of pi/2 BPSK with and without FDPS. All above schemes perform better than transparent transmit diversity and time domain beam/precoder cycling solutions. The performance comparison between these schemes and against other transmit diversity schemes is detailed in the Evaluation section. 
Nevertheless, these schemes have different implementations with impact on the complexity and/or achievable throughput. If Alamouti is applied pre-DFT as in [11] [12], each Alamouti branch needs to go through DFT precoding, leading thus to the need of a second DFT at the UE with respect to post-DFT solutions such as [4], [10].
Since Alamouti is applied onto non-adjacent subcarriers in [4], [10], MMSE needs to be employed at the receiver to mitigate the interference in the Alamouti decombining process on highly dispersive channels. Nevertheless, Alamouti decombining in the frequency domain is still performed on couples of subcarriers just as in classical SFBC. MMSE receiver only implies the inversion of a 2x2 matrix, which is known to be low complexity (matrix determinant computation plus 2nd diagonal swapping). It is to be noted that MMSE receiver was usually assumed to be the standard receiver for UL/DL/sidelink communications and that an inversion of order-2 matrix does not have any important impact on the eNB complexity.
SS-STBC scheme also suffers from interference between the two symbol halves, especially on highly dispersive channels. Moreover, as for any STBC scheme, interference increases with the speed. MMSE detection is also needed to mitigate interference. Note that in the evaluations sections the results were obtained with an MMSE receiver for SS-STBC.
For SS-STBC, interference between the two symbol halves can be mitigated either by pre/postfix insertion [9] or by zero padding [12]. Although this method is effective when sufficient overhead is introduced, this leads to spectral efficiency penalty. To have the same robustness to delay spread as DFTsOFDM, overhead within the CP order needs to be introduced within each symbol half, leading to overheads of 13% or higher (2*CP). This overhead is difficult to reduce. For small allocation sizes, overhead is particularly important. For e.g. 1RB, only one sample per symbol half already leads to 16.6% overhead. Excessive penalty cannot be avoided without extra signaling. Sensitivity to Doppler, specific for STBC schemes, is not mitigated through padding or pre/postfix insertion and MMSE receiver is needed anyway to obtain fair performance. 
A comparison between the different implementations is summarized in Table 1, where classical SFBC transmitter/receiver was taken as reference.

[bookmark: _Ref492586162]Table 1- Characteristics of Alamouti-based implementations with respect to classical SFBC
	
	SC-SFBC [4], [10]
	SS-STBC [11] with receiver option 1
	SS-STBC [11] with receiver option 2
	SS-STBC with pre/postfix [9] or 0 padding [12]

	PAPR
	PAPR preserving
	PAPR preserving
	PAPR preserving
	To be checked for BPSK pi/2 w/wo FDPS

	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 [11] with receiver option 1 or 2




Short-delay CDD
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[bookmark: _Ref481576044]Figure 5 – Short delay CDD
Short delay (SD) CDD (Figure 5) 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.
CDD is not a full-diversity scheme: it transforms spatial diversity in frequency-diversity. It achieves enhanced frequency diversity via coding. Short delay CDD is both specification transparent and DM-RS transparent.
CDD performance depends on the chosen delay and on the channel properties. Better performance can be obtained by adapting the delay to the channel/modcod, but such adaptation would require signaling overhead and remove the specification transparency.
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.

Beam/precoder cycling for DFTsOFDM
Cycling in the frequency domain
It has been decided in RAN1#88 [2] that, for DFTsOFDM, PRB bundling size is the whole scheduled bandwidth if the scheduled bandwidth comprises a single cluster. That is, the UE shall apply the precoder in a way that the gNB may assume that UE uses the same precoder for all scheduled PRBs. Beam cycling is thus not possible for DFTsOFDM within the current decisions.
Per RB/RBG cycling in DFTsOFDM would furthermore break the PAPR property. Nevertheless, per RE cophasing cycling is possible without breaking the PAPR of DFTsOFDM: on the first polarization the DFTsOFDM symbol with [1 1] cophasing vector is sent as is, and on the second polarization cophasing vector [1 -1] at RE level does not impact the PAPR. This is virtually equivalent to applying half-symbol long delay CDD (LD-CDD) on top of the two polarizations of a channel beamformed based on some long term channel knowledge. 
Per RE cophasing cycling is not a full-diversity scheme: it transforms polarization diversity in frequency diversity and recovers it via coding. Cophasing cycling is not specification transparent.
Cycling in the time domain
Time domain cycling can be implemented through beam/antenna/precoder switching. Time domain cycling can be implemented in either transparent or non-transparent manner. For the transparent manner, cycling with a period equal to or longer than 1 slot is usually applied as in Figure 6a when the slot size is considered to be 7. These schemes are not feasible with PUSCH with low number of symbols (less than 4 symbols when FH is disabled, less than 6 symbols when FH is enabled)
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a) DM-RS transparent precoder cycling
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b) Non-transparent precoder cycling


[bookmark: _Ref481679428]Figure 6 – Time-domain beam/precoder cycling
This may be useful in mitigating large scale fading and/or blocking effects, but should always be combined with an intra-slot transmit diversity technique (e.g. Alamouti-based) in order to yield better results. Indeed, for the example of antenna switching, full power transmission onto the most favorable antenna port is possible. Nevertheless, in this case rather short term channel state information is necessary to decide which the best antenna port is, but in link budget limited scenarios such information may not be available/reliable. With limited or long term channel knowledge, beamforming in the direction of best DoA/DoD seems a better alternative.
Observation: Alamouti-based transmit diversity can be implemented on top of transparent time-domain beam/precoder cycling for performance enhancement.
DM-RS transparent cycling with a period inferior to 1 slot (during the transmission of a codeword) is possible, as long as there is one DM-RS present in each time-domain duration corresponding to a given precoder, as in Figure 6a when the slot size is considered to be 14. Nevertheless, this method is usually not specification-transparent, since a means of indicating the fact that the time domain bundling duration is equal to the time-domain duration corresponding to a given precoder is necessary. 
DM-RS-transparent beam/precoder cycling within one slot 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. 
One example of such a scheme is open loop transmit antenna selection (OL-TAS), where switching between transmit antennas is performed during a codeword transmission. Antenna switching can be interpreted as a particular precoder. 
Observation: DM-RS-transparent beam/precoder cycling within one 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 6b). 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) and to the restrictions on the number of symbols in the UL part of the slot (as few as 4 symbols), 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: Non-transparent beam/precoder cycling 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.

Initial Evaluation
As explained before, any transmit diversity scheme can be combined with beamforming as long as we are able to define the DM-RS antenna ports serving as support for transmit diversity.
We assess the performance of SC-SFBC against the other described transmit diversity candidates in two cases
· below 6GHz, the two SC-SFBC streams are mapped onto two transmit antennas (DM-RS ports)
· around 30GHz, the two SC-SFBC streams are mapped onto the two polarizations before analog beamforming in the DoA/DoD directions.
SFBC is only given as a FER performance reference and is not proposed to be used for DFTsOFDM as it engenders around 1dB PAPR loss at CCDF target 10-4. 

Below 6 GHz
Figure 7 presents comparative performance of SC-SFBC, SFBC, SS-STBC, SD-CDD, LD-CDD (per RE cophasing cycling), OL-TAS (DM-RS-transparent time-domain precoder cycling), and SIMO transmission at 4 GHz with 4 allocated RBs on channel TDL-A 30ns (see Annex). Real channel estimation was employed with a front-loaded pilot, except for OL-TAS where a second pilot position is necessary to estimate the channel after antenna switching. Figure 8 presents comparative performance of SC-SFBC, SFBC, SS-STBC, SD-CDD, LD-CDD, OL-TAS, and SIMO transmission at 4 GHz with 4 allocated RBs on channel TDL-A 50ns at 60kmph and 120kmph. Real channel estimation was employed with a two pilots in LTE-like configuration. Figure 9 presents comparative performance of SC-SFBC, SFBC, SS-STBC, SD-CDD, LD-CDD, and SIMO transmission with at 4 GHz with 4 allocated RBs on channel TDL-A 300ns at 3kmph and 60kmph. SS-STBC was evaluated in two configurations: no prefix/postfix (0% overhead) and sufficient prefix/postfix (dimensioned to absorb the same amount of multipath as the CP; 3 symbols of prefix/1 symbol of postfix were inserted, leading to 16.6% overhead). 
Observation: Full diversity Alamouti schemes are more robust than CDD and time-domain antenna cycling, even with the current sub-optimal L-MMSE decoder. The PAPR preserving SC-SFBC matches the FER performance of SFBC without any PAPR loss and is thus preferred to SFBC.
SS-STBC has good performance even in the absence of a prefix/postfix at low SNR and on channels with low frequency selectivity and it can in this case match the SFBC/SC-SFBC performance when robust modcods are employed. On highly dispersive channels a prefix needs to be inserted to limit the mutual interference between the two symbol halves, effect more visible when increasing the coding rate or when increasing the number of points in the constellation.
DM-RS-transparent time-domain precoder cycling (here, OL-TAS) needs more DM-RS overhead at least at low/medium speed (NTx times the DM-RS overhead of SC-SFBC/ SFBC/ /SS-STBC/ CDD/ SIMO) and is less spectrally efficient and more sensitive to Doppler effects than its counterparts. OL-TAS performance rapidly degrades at medium/high speed due to the fact that time-domain interpolation is not possible between DM-RS sent from different antennas in the switching process. These results confirm the previous observation that DM-RS-transparent beam/precoder cycling within one slot is sensitive to increased coding rates, sensitive at high speed and has high DM-RS overhead at low/medium speed.
CDD is easy to implement and can be transparent to the receiver in the case of short delay CDD. Nevertheless, CDD has very variable performance depending on the applied delay, and an optimized delay (depending on the channel profile, allocation size, modcod) cannot be applied in an open loop scenario. Also, since CDD recovers frequency diversity through coding, CDD performance degrades with less strong coding and in scenarios where enough diversity is already present (frequency selective channels/frequency hopping transmission where the extra diversity obtained through CDD is limited, high speed where the extra diversity wrt to already present time diversity has limited gain, etc).
Per RE cophasing cycling (equivalent to rank-1 long delay CDD) has lower performance than its counterparts, which is mainly due to the channel estimation performance (only one DM-RS resource was used, as for SD-CDD). Channel estimation performance could possibly be improved by using two DM-RS resources, but LD-CDD nevertheless suffers from the same drawbacks as SD-CDD.
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a) FER
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b) Spectral efficiency


[bookmark: _Ref471405472]Figure 7 - Fc=4GHz, TDL-A 30ns, 3kmph, real channel estimation, 4RB, 1 front loaded pilot
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a) FER
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b) Spectral efficiency


[bookmark: _Ref473817455]Figure 8 - Fc=4GHz, TDL-A 50ns, 60/120kmph, real channel estimation, 4RB, 2 LTE-type pilots
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a) FER
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b) Spectral efficiency


[bookmark: _Ref473817343]Figure 9 - Fc=4GHz, TDL-A 300ns, 3/60kmph, real channel estimation, 4RB, 2 LTE-type pilots

Around 30 GHz
Figure 10 and Figure 11 present comparative performance of SC-SFBC, SFBC, SS-STBC, SD-CDD, and cophasing cycling on top on analog beamforming, and analog beamforming using DFT beamforming in the direction of the strongest DoA/DoD on a CDL-A 50ns/300ns channel at 30GHz and 3kmph, with full allocation (50RB). Simulation parameters are given in the Annex. SS-STBC was evaluated in two configurations: no prefix/postfix (0% overhead) and sufficient prefix/postfix (dimensioned to absorb the same amount of multipath as the CP; 40 symbols of prefix/1 symbol of postfix were inserted, leading to 13.3% overhead). Real channel estimation with one front loaded pilot was employed. 
Figure 12, Figure 13 and Figure 14 present comparative performance of SC-SFBC, SFBC, SS-STBC (0% overhead), non-transparent time domain precoder cycling (using 2 precoders) and SD-CDD on top of analog beamforming, and analog beamforming using DFT beamforming in the direction of the strongest DoA/DoD on a CDL-A 50ns/300ns/1000ns channel at 30GHz and 30kmph, with full allocation (50RB). Real channel estimation with one front loaded pilot was employed. 
Observation: Transmit diversity combined with beamforming outperforms beamforming. 
We have already shown in [5] that, with narrowband allocation, the PAPR preserving SC-SFBC matches the FER performance of SFBC without any PAPR loss and is thus preferred to SFBC. With full band allocation, SC-SFBC suffers negligible FER performance loss with respect to SFBC (0.1dB for QPSK, 0.3dB for 16QAM for low/medium DS) due to the mapping of some Alamouti precoded pairs onto subcarriers apart with more than one coherence bandwidth. Even on highly dispersive channels CDL-A 1000ns, the performance loss with respect to SFBC is inferior to 0.25dB for QPSK ½ and inferior to 0.35dB for QPSK3/4. Even in a worst case scenario, with highly dispersive channels and full band allocations, SC-SFBC still outperforms SFBC when the PAPR loss of SFBC is taken into account. Results were obtained with a low complexity MMSE detection. 
Observation: SC-SFBC outperforms SFBC when taking into account FER performance and PAPR performance.
SS-STBC can match the SFBC/SC-SFBC performance only with robust modcods, and/or if sufficient prefix/postfix is inserted for highly dispersive channels, especially when increasing the coding rate or when increasing the number of points in the constellation. RE cophasing cycling is less performing than its counterparts. SD-CDD has variable performance, as in the low bands case.
Alamouti-based transmit diversity outperforms transparent methods as SD-CDD. SD-CDD suffers a loss of at least 1.2dB and respectively 0.8dB with respect to Alamouti-based schemes with QPSK ¾ on low/medium and respectively highly dispersive channels at 30GHz, 30kmph and full band allocation. For stronger coded QPSK, even though the performance gap is lower, it is still in favor of Alamouti schemes. With higher modcods, the performance gap is even more important.
Observation: Alamouti-based schemes show important gain over SD-CDD with QPSK ¾.
Observation: RE level cophasing and non-transparent precoder cycling are outperformed by both Alamouti-based schemes and SD-CDD.
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b) Spectral efficiency


[bookmark: _Ref471374014]Figure 10 - Fc=30GHz, CDL-A 50ns, 3kmph, real channel estimation, 50RB
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b) Spectral efficiency


[bookmark: _Ref471374016]Figure 11 - Fc=30GHz, CDL-A 300ns, 3kmph, real channel estimation, 50RB
	[image: ]
a) FER
	[image: ]
b) Spectral efficiency


[bookmark: _Ref481600952]Figure 12 - Fc=30GHz, CDL-A 50ns, 30kmph, real channel estimation, 50RB
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b) Spectral efficiency


[bookmark: _Ref481600953]Figure 13 - Fc=30GHz, CDL-A 300ns, 30kmph, real channel estimation, 50RB
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b) Spectral efficiency


[bookmark: _Ref481600955]Figure 14 - Fc=30GHz, CDL-A 1000ns, 30kmph, real channel estimation, 50RB



Conclusion
Full diversity PAPR-preserving Alamouti-based transmit diversity applied in frequency or time domain within one single OFDM symbol exist for DFTsOFDM. SC-SFBC is PAPR preserving for all constellation types (including pi/ BPSK with or without FDPS), operating on single symbol DFTsOFDM, full diversity achieving, with low-complexity frequency-domain decoding at subcarrier level. 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. Alamouti-based transmit diversity can be implemented on top of transparent time-domain beam/precoder cycling for performance enhancement. DM-RS-transparent beam/precoder cycling within one slot is sensitive to increased coding rates, sensitive at high speed and has high DM-RS overhead at low/medium speed. Non-transparent beam/precoder cycling is not full-diversity achieving, is sensitive to increased coding rates and it requires the same number of DM-RS resources and specification effort as Alamouti-based schemes.
Transmit diversity and beamformed transmit diversity bring clear gain in DFTsOFDM transmission, targeted for link budget limited users in search for robust transmission schemes and typically in the absence of reliable CSI. Modified schemes such as SC-SFBC or SS-STBC can operate within a single DFTsOFDM symbol without any PAPR loss, thus solving the limitations of classical SFBC/STBC schemes. Full-diversity Alamouti-based schemes can operate over PUSCH with any number of symbols whereas time-domain precoder cycling cannot address short PUSCH formats (2-3 symbols, or even 4-5 symbols when frequency hopping is enabled). Full-diversity Alamouti schemes have important performance gain over the other schemes especially at high speed and/or with high coding rate.
Analysis below 6GHz shows that full diversity DM-RS based Alamouti schemes are more robust than DM-RS transparent precoder cycling and SD-CDD/LD-CDD, even with the current sub-optimal L-MMSE decoder. The PAPR preserving SC-SFBC matches the FER performance of SFBC without any PAPR loss and is thus preferred to SFBC. The PAPR preserving SC-SFBC has important performance gain over the other evaluated methods, as it can be seen in Table 2 for 4GHz carrier frequency.
Analysis around 30GHz shows that transmit diversity combined with beamforming outperforms beamforming by around 2dB. SC-SFBC outperforms SFBC when taking into account combined FER performance and PAPR performance. Alamouti-based schemes perform better than SD-CDD, non-transparent time domain precoder cycling or RE level co-phasing cycling. A summary of performance gain of PAPR-preserving SC-SFBC over other schemes is presented in Table 3.
All Alamouti based schemes perform better than non-Alamouti-based. With a 4RB allocation at 4GHz (Table 2), SC-SFBC performs slightly better than SS-STBC. SS-STBC is more sensitive to large delay spreads than SC-SFBC, and the effect is especially strong when relaxing the coding rate (more than 4dB of loss with respect to SC-SFBC). With a full 50RB allocation at 30GHz (Table 3), which is a worst-case scenario for SC-SFBC, the two schemes perform roughly the same, except for long delay spreads and relaxed coding rates when SS-STBC shows strongly degraded performance (more than 4dB). Measures to combate this degradation are particularly costly in throughput and may need extra signalling. Given the fact that SS-STBC has higher implementation complexity both at the UE side and at the receiver side (see Table 4), SC-SFBC is preferred. 
Our companion contribution [7] shows that for DFTsOFDM-based PUCCH transmission with frequency hopping Alamouti-based schemes are also outperforming schemes not achieving full diversity.
Proposal : SC-SFBC Alamouti-based transmit diversity is supported for PUSCH with DFTsOFDM


[bookmark: _Ref489039584]Table 2 Gain of Alamouti PAPR-preserving SC-SFBC over short delay CDD, transparent and non-transparent DMRS precoder cycling and SIMO at 4GHz, 4 RB allocation
	
	
	
	SS-STBC rec. opt 1
	SD-CDD
	DMRS-transparent precoder cycling
	Non DMRS-transparent precoder cycling
	SIMO

	3kmph
	TDL-A 30ns
	QPSK1/2
	0dB
	0.33dB
	0.42dB
	1.3dB
	2.15dB

	
	
	16QAM1/2
	0dB
	0.84dB
	0.61dB
	1.65dB
	2.26dB

	
	
	64QAM1/2
	0dB
	1.12dB
	0.78dB
	1.89dB
	2.12dB

	
	TDL-A 300ns
	16QAM1/2
	0.5dB
	0.57dB
	-
	1.91dB
	2.59dB

	60kmph
	TDL-A 50ns
	QPSK1/2
	0dB
	0.1dB
	0.74dB
	1.06dB
	2.25dB

	
	
	16QAM3/4
	0dB
	1.49dB
	1.55dB
	2.2dB
	2.67dB

	
	TDL-A 300ns
	QPSK1/2
	0.1dB
	-0.14dB
	-
	0.61dB
	1.83dB

	
	
	16QAM3/4
	4.3dB
	1.36dB
	-
	1.75dB
	2.43dB

	120kmph
	TDL-A 50ns
	16QAM1/2
	0.1dB
	1.05dB
	>6dB
	1.91dB
	2.04dB



[bookmark: _Ref489039993]Table 3 Gain of Alamouti PAPR-preserving SC-SFBC over short delay CDD, non-transparent DMRS precoder cycling and no transmit diversity at 30GHz, full 50 RB allocation
	
	
	
	SS-STBC rec. opt 1
	SD-CDD
	Non DMRS-transparent precoder cycling
	Beamforming only (reference)

	30kmph
	CDL-A 50ns
	QPSK1/2
	-0.2dB
	0.25dB
	0.82dB
	2.44dB

	
	
	QPSK3/4
	0dB
	1.24dB
	1.93dB
	4.92dB

	
	
	16QAM1/2
	0.2dB
	>6dB
	>6dB
	>6dB

	
	CDL-A 300ns
	QPSK1/2
	-0.2dB
	0.23dB
	0.70dB
	1.92dB

	
	
	QPSK3/4
	0dB
	1dB
	1.44dB
	3.11dB

	
	
	16QAM1/2
	0dB
	>6dB
	>6dB
	>6dB

	
	CDL-A 1000ns
	QPSK1/2
	-0.2dB
	0.2dB
	-
	1.5dB

	
	
	QPSK3/4
	0dB
	0.75dB
	-
	2.83dB

	3kmph
	CDL-A 50ns
	QPSK1/2
	-0.2dB
	-0.1dB
	0.7dB
	2.34dB

	
	
	16QAM3/4
	3dB
	3.84dB
	6.5dB
	8.5dB

	
	CDL-A 300ns
	QPSK1/2
	-0.3dB
	-0.1dB
	0.94dB
	2.03dB

	
	
	16QAM3/4
	>4dB
	3.64dB
	6.3dB
	7.09dB



[bookmark: _Ref492629410]Table 4- Characteristics of Alamouti-based implementations with respect to classical SFBC
	
	SC-SFBC [4], [10]
	SS-STBC [11] with receiver option 1
	SS-STBC [11] with receiver option 2
	SS-STBC with pre/postfix [9] or 0 padding [12]

	PAPR
	PAPR preserving
	PAPR preserving
	PAPR preserving
	To be checked for BPSK pi/2 w/wo FDPS

	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 [11] with receiver option 1 or 2
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Annex A: SC-SFBC example for M=12 subcarriers and shift p=6

[image: ]
[bookmark: _Ref473730707]Figure 15 - SC-SFBC example for M=12 subcarriers and shift p=6
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[bookmark: _Ref473731266]Figure 16 - SC-SFBC example for M=12 subcarriers and shift p=6: equivalence with time-domain representation


Annex B: Simulation parameters

	Assumptions , 
	Value 
	

	Carrier frequency 
	4 GHz
	30 GHz

	Slot length 
	14 DFTsOFDM symbols with NCP, 1ms
	14 OFDM symbols with NCP, 0.125ms

	System bandwidth 
	20MHz
	80 MHz 

	Data bandwidth 
	4PRBs (48 subcarriers)
	90% of system bandwidth (50PRBs, 600 subcarriers)

	Numerology 
	Subcarrier spacing ∆f=15kHz, NIFFT=2048, Fs=30.72MHz
	Subcarrier spacing ∆f=120kHz, NIFFT=1024, Fs=122.88MHz

	UE antenna model 
	2 Tx
	(M,N,P,Mg,Ng) = (2, 2, 2, 1, 1) 

	TRP antenna model 
	2 Rx
	(M,N,P,Mg,Ng) = (8, 16, 2, 1, 1) 

	Phase noise model 
	-
	According to models described in [13] 

	Channel coding 
	LTE Turbo code
	LTE Turbo code 

	HPA 
	Polynomial model for UL [14], IBO=-8dB
	Polynomial model for UL [14], IBO=-8dB

	MCS 
	QPSK1/2, 16QAM1/2, 16QAM3/4, 64QAM1/2
	QPSK1/2, QPSK ¾, 16QAM ½

	Channel estimation 
	Realistic, based on 
· one front-loaded DM-RS except for OL-TAS/ NTx DM-RS for OL-TAS
· LTE-type pilots
	Realistic, based on 
· one front-loaded DM-RS except for OL-TAS/ NTx DM-RS for OL-TAS 
· LTE-type pilots

	Channel model 
	TDL-A 30ns/50ns/300ns
	CDL-A in TR 38.900 with 50ns/300ns/1000ns  DS, with 15 degrees AoD spread for TRP, 45 degrees AoA for UE, analog beamforming with DFT vector in the direction of the dominant paths

	Receiver type
	L-MMSE
	L-MMSE

	SD-CDD delay
	64 samples
	64 samples

	LD-CDD delay
	 NFFT/2 samples
	Equivalent to RE cophasing cycling
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