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This contribution is a resubmission of R1-1712270.

At the RAN1 NR AH#1 meeting the following was decided [1] concerning the waveform and transmission scheme for long duration PUCCH:
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
· For PUCCH in long-duration, transmit antenna diversity is supported.

In RAN1#88b [2] it was decided that:
· [bookmark: _GoBack]The set of the number of symbols for long duration NR-PUCCH in a slot includes {4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14}
· FFS whether or not it depends on the slot type, # of symbols per slot, etc.

Concerning the transmit diversity scheme, it was also decided that:
· For DFTsOFDM in long-PUCCH, 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), time domain beam/precoder cycling or SORTD
· FFS: for which PUCCH format and/or payload size 
· Other schemes with low PAPR are not precluded.
· Companies proposing a certain transmit diversity scheme are encouraged to jointly propose PUCCH structure and the transmit diversity scheme.

In this contribution, we show how Alamouti-based PAPR preserving transmit diversity can be achieved for DFTsOFDM without any restrictions for the number of symbols in the UL-only/UL-centric slot.




Transmit diversity for DFTsOFDM long duration PUCCH
PUCCH coverage is a bottleneck for system deployments. In NR, UL control will carry higher payloads than in LTE, but at least the same coverage is desirable to be achieved. DFTsOFDM and transmit diversity support were decided for long PUCCH transmission at the last meeting, since low PAPR waveform and robust transmission are crucial for long PUCCH transmission.
In this contribution, we treat of DFTsOFDM-based long PUCCH format. This is mainly targeted for large UCI payloads with DFTsOFDM waveform transmission, similar to LTE format 4.
In this case, for DFTsOFDM long PUCCH, several design constraints need to be met. Transmit diversity should conserve the low PAPR characteristics. The length (in DFTsOFDM symbols) of the long PUCCH is variable, any value from 4 to 14 symbols being agreed to be supported. Therefore, the transmit diversity scheme should remain contained within one DFTsOFDM symbol and not impose parity constraints on the slot length. Also, due to the higher maximum number of bits to be carried by the NR PUCCH format with respect to LTE, schemes requiring complex decoding (e.g. ML) should be avoided. 
We will further investigate how several known transmit diversity techniques apply to DFTsOFDM for long PUCCH format.

Alamouti-based transmit diversity for long PUCCH
Alamouti-based schemes achieve full diversity and are known to yield good results in combination with OFDM-based waveforms. STBC and SFBC schemes are classically implemented at subcarrier level in multicarrier systems. Nevertheless, directly applying the classical schemes has some drawbacks for long duration PUCCH with DFTsOFDM waveform, and modified Alamouti-based schemes overcoming these shortcomings exist:
· Applying classical SFBC between adjacent subcarriers within a DFTsOFDM symbol breaks the low PAPR characteristics of DFTsOFDM.
· PAPR preserving SFBC [4] is fit to be used with DFTsOFDM instead of classical SFBC
· Applying classical STBC between successive DFTsOFDM symbols requires having an even number of symbols per slot, which is not the case in practice as we have shown in the previous subsection
· Pre-DFT STBC [6] is fit to be used with DFTsOFDM instead of classical STBC
STBC can be applied in two manners: pre-DFT or post-DFT. For post-DFT STBC schemes, doubling the orphan symbol (for example by using a double subcarrier spacing onto this symbol) solves the restriction of having an even number of symbols in the slot. Nevertheless, this results in either inter-numerology interference affecting the users scheduled in adjacent frequency bands, or in scheduling constraints imposing the same numerology settings to all users scheduled in adjacent frequency bands.
Pre-DFT STBC can operate on either successive or non-successive pre-DFT modulation symbols. Modified STBC schemes applying STBC precoding before DFT between successive modulation (e.g. QPSK) symbols were already investigated [3]. Since precoding is not applied at subcarrier level, low-complexity frequency-domain decoding (e.g. MMSE involving order-2 matrix inversions at the receiver side) is not possible. Moreover, for pre-DFT Alamouti precoding, some performance degradation may appear due to channel selectivity: for each transmit antenna, there may be a different interference level for the first symbol and the second symbol of a pair. 
Pre-DFT STBC can operate between a first and a second pre-DFT symbol block half [6]. This allows frequency domain decoding with a higher decoding complexity wrt SFBC or classical STBC. This scheme can achieve the same performance as STBC/SFBC if a cyclic prefix/postfix is inserted before each symbol block half to limit the mutual interference (multipath, intercarrier) between the two halves. Also, some extra complexity is necessary at both transmit and receive sides.
Modified SFBC preserving the low PAPR [4] called SC-SFBC will be further detailed in the following. More detailed analysis can be found in [5].

SC-SFBC: PAPR preserving SFBC


Classical SFBC schemes applying Alamouti precoding to adjacent subcarriers in DFTsOFDM are known for breaking the PAPR property. Nevertheless, PAPR-preserving SFBC has already been discussed in the literature [4]. Alamouti precoding is applied at subcarrier level, after DFT precoding, just as in classical SFBC, as it can be seen in Figure 1. Alamouti precoded symbols can be mapped onto non-adjacent subcarriers in such a way that PAPR is preserved. Figure 2 depicts the subcarrier pairing: Alamouti pairs are mapped onto subcarriers and . 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 [4].
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, as further explained in [5], this is equivalent to sending on the second antenna a DFTsOFDM signal corresponding to an equivalent constellation :

	.
It is obvious that complex conjugation, cyclic shift or phase ramp applied in the time domain conserve the peak to average 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, the only difference between classical SFBC and SC-SFBC detection is the subcarrier mapping: by picking the subcarriers Alamouti-coded together instead of two successive subcarriers, the same receiver processing is applied as for classical SFBC transmission.
Therefore, PAPR preserving SFBC shows the following characteristics:
· Full-diversity achieving
· Applicable to any number of symbols per slot
· PAPR conserving
· Low-complexity frequency-domain MMSE detection based on order-2 matrix inversions
· No orphan RE problem since there is no RS/UCI multiplexing in the frequency domain for DFTsOFDM. 
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[bookmark: _Ref468985453]Figure 1 – PAPR preserving SFBC for DFTsOFDM long PUCCH
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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: _Ref468986459]Figure 3 - PAPR of PAPR-preserving SFBC in DFTsOFDM

Split-symbol STBC (SS-STBC)


Split-symbol STBC [6] 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 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. Although at very low SNR the cyclic prefix/postfix may be skipped on very low dispersive channels, insufficient cyclic pre/postfix leads to performance degradation in medium/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). 


Other open loop transmit diversity schemes in DFTsOFDM
[image: ]
[bookmark: _Ref473799142]Figure 4 - Cyclic delay diversity (CDD)
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a) DM-RS transparent precoder cycling
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b) Non-transparent precoder cycling


[bookmark: _Ref481679428]Figure 5 – Time-domain beam/precoder cycling
[image: ]
[bookmark: _Ref473801344]Figure 6 – SORTD with DFTsOFDM
CDD Figure 4 transforms the spatial diversity into frequency diversity and recovers the extra diversity through coding. 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. This operation is transparent if the delay is short enough (SD-CDD). Nevertheless, as it will be shown in the following, CDD has limited gain in already frequency selective environments, such as PUCCH transmission supporting frequency hopping.
DM-RS transparent time-domain beam/precoder cycling performs beam/precoder switching during a codeword transmission, as in Figure 5a. DM-RS suffer the same precoding as the UCI part. Non-transparent time domain beam/precoder cycling is represented in Figure 5b, where the number of orthogonal DM-RS sequences superposed in each pilot position equals the number of antenna ports, and the precoder structure is known through specification. These schemes were thoroughly investigated in our companion contribution [5] and it was concluded that time-domain beam/precoder cycling has inferior performance with respect to both Alamouti-based and SD-CDD schemes. Moreover, in a PUCCH with long format context where a variable number of symbols from 4 to 14 symbols is supported, time-domain cycling imposes constraints on DM-RS positioning, and is completely infeasible for transmission with 4 or 5 symbols and frequency hopping. Please note that this conclusion stands for beam/precoder cycling within a long PUCCH duration transmission. Spec-transparent time domain beam/precoder/panel cycling with switching period superior to 1 or several long PUCCH duration is useful for combating slow fading/blocking effects and can be jointly implemented with Alamouti-based schemes or SORTD, SD-CDD, etc.
With spatial orthogonal resource transmit diversity (SORTD) used in LTE-A, as depicted in Figure 6, one orthogonal resource, e.g. one orthogonal sequence (OCC), is used for each transmit antenna. Compared to other schemes, SORTD requires two OCC resources per UE instead of one. Thus, the multiplexing capacity is reduced from 5 to 2.5 UEs per PUCCH PRB. Even though its performance is lower than that of Alamouti schemes [3], this scheme was preferred in LTE-A for specification effort reduction, since not much specification effort was needed to add this scheme to pre-existing LTE specifications. This is not a valid argument any longer and performance should be the prime argument, since NR specifications need to be written from scratch. We will not further investigate this scheme here.

Initial Evaluation
We present initial simulation results comparing the performance of PAPR-preserving SC-SFBC, SFBC and CDD for DFTsOFDM long PUCCH transmission in a scenario similar to format 4 LTE PUCCH. In this initial evaluations, we use the following simulation parameters 
	Assumptions 
	Value 

	Carrier frequency 
	4 GHz

	Slot length 
	14 DFTsOFDM symbols with NCP, 1ms

	System bandwidth 
	20MHz

	Data bandwidth 
	1PRBs (12 subcarriers) and 6PRBs (72 subcarriers) with frequency hopping

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

	UE antenna model 
	2 Tx

	TRP antenna model 
	2 Rx

	Phase noise model 
	-

	Channel coding 
	LTE Turbo code

	HPA 
	Polynomial model for UL [7], IBO=-8dB

	MCS 
	QPSK1/2, 3/4 

	Channel estimation 
	Realistic, based on LTE-type pilots

	Channel model 
	TDL-A 300ns, 1000ns

	Receiver type
	L-MMSE

	SD/LD CDD delay
	64 samples/ ½ OFDM symbol



As shown in [5], for higher bands transmit diversity schemes can be combined with analog beamforming as long as we are able to define two DM-RS antenna ports serving as support for 2Tx transmit diversity. FSTD can further be applied on top of the presented techniques to extend to 4Tx antennas.
SFBC is only given as a FER performance reference and is not proposed to be used for DFTsOFDM long PUCCH as it engenders around 1dB PAPR loss at CCDF target 10-4. 
Figure 7 and Figure 8 present comparative performance of SFBC, SC-SFBC, SS-STBC, SD-CDD, LD-CDD and SIMO transmission for long PUCCH with DFTsOFDM at 3kmph. We considered 1RB allocation with frequency hopping. 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; 1 symbols of prefix/1 symbol of postfix were inserted, leading to 33% overhead).
Figure 9 present comparative performance of SFBC, SC-SFBC, SS-STBC, SD-CDD, LD-CDD, precoder cycling (we considered vector [1 j -1 –j]) and SIMO transmission for long PUCCH with DFTsOFDM at 30kmph. We considered 3RB allocation with frequency hopping.
Full diversity Alamouti schemes are more robust than CDD, even with the current sub-optimal L-MMSE decoder.
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 depends on the coding rate and tends to degrade in scenarios where enough diversity is already present (frequency selective channels/frequency hopping transmission where the extra diversity obtained through CDD is limited, medium/high speed where the extra diversity wrt to already present time diversity has limited gain, etc). Time-domain precoder cycling has inferior performance with respect to both Alamouti-based and SD-CDD schemes
Even in highly selective environments, where SC-SFBC may slightly suffer from precoding onto distant subcarriers susceptible of having different channel realizations, the PAPR preserving SC-SFBC matches the FER performance of SFBC. Since PUCCH allocations are rather narrowband, there is no loss due to precoding on distant subcarriers.
The PAPR preserving SC-SFBC matches the FER performance of SFBC without any PAPR loss and is thus preferred to SFBC. SC-SFBC outperforms SFBC when taking into account FER performance and PAPR performance.
With narrowband frequency domain allocations as it is the case in PUCCH transmission, SS-STBC is more sensitive to long delay spreads than SC-SFBC. Cyclic prefix/postfix insertion to reduce the interference between the two symbol halves is particularly costly with narrowband allocations: inserting one single sample of prefix and one of postfix within an allocation of 1 RB already leads to 33.3% of overhead. With very long delay spreads (e.g. 1000ns), even this excessive overhead turns out insufficient. 
Table 1, Table 2 and Table 3 summarize the performance gap of different schemes with respect to SFBC. Alamouti schemes perform better than their counterparts on all types of investigated channels. Although on low/medium delay spread channels SC-SFBC and SS-STBC have similar performance, on long delay spread channels with narrowband frequency domain allocations SC-SFBC outperforms SS-STBC.
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[bookmark: _Ref471405472]Figure 7 - Fc=4GHz, TDL-A 300ns, 3kmph, real channel estimation, 1RB with frequency hopping, LTE-type pilots, QPSK
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[bookmark: _Ref481680397]Figure 8 - Fc=4GHz, TDL-A 1000ns, 3kmph, real channel estimation, 1RB with frequency hopping, LTE-type pilots, QPSK
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[bookmark: _Ref485312391]Figure 9- Fc=4GHz, TDL-A 300ns, 30kmph, real channel estimation, 3RB with frequency hopping, LTE-type pilots, QPSK 1/2

[bookmark: _Ref481683412]Table 1 – SNR Performance loss wrt SFBC for QPSK ½ @FER=10-3, 3kmph
	TDL-A
	SC-SFBC
	SS-STBC 0%
	SS-STBC 33%
	SD-CDD
	LD-CDD

	300ns
	0 dB
	0 dB
	0 dB
	0.5 dB
	1.5 dB

	1000ns
	0.09 dB
	0.85 dB
	0.37 dB
	1.35 dB
	1.12 dB



[bookmark: _Ref481683415]Table 2 - SNR Performance loss wrt SFBC for QPSK ¾ @FER=10-3, 3kmph
	TDL-A
	SC-SFBC
	SS-STBC 0%
	SS-STBC 33%
	SD-CDD
	LD-CDD

	300ns
	0 dB
	0.15 dB
	0.05 dB
	0.7 dB
	2 dB

	1000ns
	0.1 dB
	1.5 dB
	0.5 dB
	1.85 dB
	1.5 dB



[bookmark: _Ref485312652]Table 3 - SNR Performance loss wrt SFBC for QPSK 1/2 @FER=10-3, 30kmph
	TDL-A
	SC-SFBC
	SS-STBC 0%
	Precoder Cycling
	SD-CDD
	LD-CDD

	300ns
	0.15 dB
	0.15 dB
	1.26 dB
	>3 dB
	1.31 dB




Conclusion
Observation 1: PAPR preserving SFBC shows the following characteristics:
· Full-diversity achieving
· Applicable to any number of symbols per slot
· PAPR conserving
· Low-complexity frequency-domain MMSE detection based on order-2 matrix inversions
· No orphan RE problem since there is no RS/UCI multiplexing in the frequency domain for DFTsOFDM
Observation 2: Full diversity Alamouti schemes are more robust than short delay CDD
Observation 3: The PAPR preserving SC-SFBC matches the FER performance of SFBC without any PAPR loss and is thus preferred to SFBC. SC-SFBC outperforms SFBC when taking into account FER performance and PAPR performance.
Observation 4: With short frequency domain allocations as it is the case in PUCCH transmission, SS-STBC is more sensitive to long delay spreads than SC-SFBC.

Therefore, we propose the following:
Proposal 1: Support Alamouti-based transmit diversity schemes for long PUCCH with DFTsOFDM.
Proposal 2: Consider PAPR preserving SC-SFBC as transmit diversity scheme for long PUCCH with DFTsOFDM.
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