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[bookmark: _Ref534820708]Introduction
A new Rel.17 study item on supporting NR coverage enhancements was approved in RAN#86 and started in RAN1#101-e. The objective is to study potential coverage enhancement solutions for specific scenarios for both FR1 and FR2 [1].
Several possible candidate technologies were identified for PUSCH enhancements, such as time-domain based solutions, frequency-domain based solutions, DM-RS enhancements, power-domain based solutions or spatial-domain based solutions. 
In the past RAN1#102e meeting, it was agreed [2] to study open-loop/closed loop Tx diversity for PUSCH enhancements with low priority.
In this contribution, we give an overview of PUSCH transmit diversity techniques and of their relative performance.

Discussion
Several classes of candidate technologies were proposed to achieve performance enhancements in the link quality, opening the possibility to extend the communication range. Each class of such technologies comes with its own limitations. For example, time domain repetitions impact the latency and the system throughput, while frequency domain intra-slot hopping requires either very dense (and thus throughput penalizing) DMRS patterns, or some DMRS sharing and bundling, fragile to medium/high speeds.

Learnt lessons from Rel.15 investigations
Other means of achieving improved link performance and coverage extension is exploiting the spatial domain. During the Rel.15 NR work item, different flavors of diversity transmission for uplink were extensively studied for both waveforms starting from RAN1#86b [3]. OFDM waveform it was decided to only support diversity techniques transparent to the specifications in RAN1#90 [5]. In the following Ad-Hoc meeting #1709 [6], due to lack of time to complete the Rel.15 specifications it was also decided not to support UL transmit diversity for PUSCH with DFTsOFDM from NR specification point of view in Rel.15. Nevertheless, the work performed during Rel.15 evaluations gives a good overview of existing candidate technologies, of their pros and cons, and of their relative performance in both FR1 and FR2.
In the following, for the purpose of coverage enhancements, we only concentrate on DFTsOFDM waveform. A list of suitable candidates was devised in RAN1#88b [4]:
· For DFTsOFDM in data channel, the following schemes are candidates for transmit diversity:
· Low PAPR Alamouti-based transmit diversity applied in frequency or time domain, transparent transmit diversity (e.g. short delay CDD, panel selection), time domain beam/precoder cycling.
Comparative simulation results of different schemes were provided by various companies [7], [7], [8], [9], [10], [11], showing that, among investigated techniques, different flavors of Alamouti-based diversity techniques display overall better link level performance than other techniques.

In the following we give a brief overview of 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) suitable for DFTsOFDM transmission.

Low PAPR Alamouti-based transmit diversity
Full diversity PAPR-preserving Alamouti-based transmit diversity applied in frequency or time domain within one single OFDM symbol exist for DFTsOFDM. Two such schemes are briefly described in the following.
PAPR preserving SFBC (SC-SFBC)


PAPR-preserving SFBC has already been discussed in the literature for many years [13] and thoroughly described during Rel.15 investigations [7]. Alamouti precoding is applied at subcarrier level, after DFT precoding, as it can be seen in Erreur ! Source du renvoi introuvable.. Alamouti precoded symbols can be mapped onto non-adjacent subcarriersand  in such a way that PAPR is preserved, because 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 technique 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 [14], [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 quite 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 some spectral efficiency loss. 
SS-STBC is PAPR preserving, operating on single symbol DFTsOFDM, full diversity achieving.

Short-delay CDD
Short delay (SD) CDD can be achieved in implementation without any specification impact; it 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.
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
With DFTsOFDM, per RB/RBG cycling as in OFDM is not applicable since it would break the PAPR property. Only very limited possibilities exist without PAPR impact, such as per RE-level cophasing cycling with [1 1] [1 -1] vectors applied at RE level. This is virtually equivalent to applying half-symbol long delay CDD (LD-CDD) and is not bringing any significant gain. 
Per RE cophasing cycling is not a full-diversity scheme: it transforms space or 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 1a 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)
	[image: ]
a) DM-RS transparent precoder cycling
	[image: ]
b) Non-transparent precoder cycling


[bookmark: _Ref481679428]Figure 1 – 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. 
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 amount of specification effort as Alamouti-based schemes.


[bookmark: _GoBack]Performance evaluation
Extensive performance evaluation of the above techniques was performed in both FR1 around 6GHz and in FR2 around 30GHz during Rel.15 investigations in [7]. The following tables summarize the comparative results found at the time. Selected curves are presented in the annex, full analysis of the results can be found in [7].

[bookmark: _Ref489039584]Table 1 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 2 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




Conclusions
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.
Performance-wise, all Alamouti based schemes, implemented either in time or frequency domain, perform better than non-Alamouti-based schemes and achieve coverage enhancements due to enhanced link level performance.
Proposal : Alamouti-based transmit diversity is supported for PUSCH with DFTsOFDM.





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
	No
	Yes 

	Channel coding 
	LTE Turbo code
	LTE Turbo code 

	HPA 
	Polynomial model for UL, IBO=-8dB
	Polynomial model for UL, 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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a) FER
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b) Spectral efficiency


[bookmark: _Ref471374014]Figure 2 - Fc=30GHz, CDL-A 50ns, 3kmph, real channel estimation, 50RB
	[image: ]
a) FER
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b) Spectral efficiency


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


[bookmark: _Ref481600952]Figure 4 - Fc=30GHz, CDL-A 50ns, 30kmph, real channel estimation, 50RB
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b) Spectral efficiency


[bookmark: _Ref481600953]Figure 5 - Fc=30GHz, CDL-A 300ns, 30kmph, real channel estimation, 50RB
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a) FER
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b) Spectral efficiency


[bookmark: _Ref481600955]Figure 6 - Fc=30GHz, CDL-A 1000ns, 30kmph, real channel estimation, 50RB
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