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Introduction
[bookmark: _Ref465589377][bookmark: _Ref462669569]In RAN1 86-Bis [1] [2], it is agreed that both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs. It was also agreed in RAN1 87, that
· At least a low PAPR/CM design should be supported for the ‘long PUCCH’

The long PUCCH format needs to guarantee the performance for cell edge users that are link budget limited. In addition, since PUCCH will typically only support rank 1 transmission with low MCS, it is desirable to have a unified long PUCCH design based low PAPR/CM design to simplify both RAN1 specification and implementation efforts. 
For a UE with more than one transmit antenna, a transmission diversity scheme can be applied to PUCCH to explore the channel diversity gain to further improve the coverage of PUCCH. However, not all transmit diversity schemes can be directly applied to single carrier waveforms. For example, SFBC transmit diversity scheme, which applies space frequency block coding over two adjacent frequency tones, cannot be applied to PUCCH, because the generated waveform with SFBC is not single carrier anymore. 
In LTE, SORTD (space orthogonal resource transmit diversity) is adopted for PUCCH. SORTD scheme utilizes two PUCCH resources to transmit signals from two antennas. Therefore, SORTD can maintain the single carrier waveform for PUCCH. However, SORTD requires twice the amount of PUCCH resources to achieve transmit diversity. 
In this contribution, we focus on the transmit diversity schemes that can be applied to PUCCH with DFT-S-OFDM waveforms while maintaining good PAPR properties. Specifically, a STBC based scheme is proposed for PUCCH transmit diversity. The proposed STBC scheme has the following advantages over other diversity schemes
· maintains the single carrier waveform
· works with any number of OFDM symbols
· does not increase PUCCH resource consumption
· achieves full diversity gain
· Alamouti receiver processing can be done in frequency domain rather than time domain for simplicity.

Other options of transmit diversity scheme for PUCCH include delay CDD and precoding cycling. The delay CDD is easy to implement at UE. Furthermore, the delay CDD scheme could be transparent to gNB. However, how to design the amount of delay such that sufficient diversity can be achieved within PUCCH narrow band, i.e., one single RB or a few RBs, still needs further study. For precoding cycling, different precoding can be applied in different symbols in time, while still maintaining single carrier property for each of the symbols.  
The details of STBC based transmit diversity scheme is discussed in Section 2. Other PUCCH transmit diversity schemes such as the delay CDD scheme and precoder cycling scheme are discussed in Section 3. The conclusions are listed in Section 4. 
[bookmark: _Ref471311961][bookmark: _Ref471567436]STBC for PUCCH diversity 










The proposed PUCCH transmit diversity scheme is a STBC scheme on modulated symbols before DFT operation. The time domain signal construction cross two OFDM symbols before DFT is given in Figure 1. The modulated symbols in the first OFDM symbol is denoted as where. The modulated symbols in the second OFDM symbol is denoted as where. For the first Tx antenna, as shown in Figure 2 and Figure 3, the modulated symbols and are transmitted in the first OFDM symbol and second OFDM symbol, respectively, by going through the standard DFT-S-OFDM waveform generation chain without any special operation. For the second Tx antenna, the modulated symbols transmitted in the first OFDM symbol are . The modulated symbols transmitted in the second OFDM symbol are . The reason of flipping the order of modulated symbols with operation  is because of the DFT property of, , which allows per tone de-Alamouti combiner in frequency domain at receiver. 


The manipulated modulated symbols and are then fed to the same waveform generation chain for the first and second OFDM symbols respectively, going through the same standard DFT-S-OFDM waveform generation chain as for the first Tx antenna. It is clear to see that conjugate and sign flip operations do not change the single carrier property of the generated waveform for the second antenna. Therefore, the proposed STBC scheme maintains the single carrier waveform. Furthermore, unlike SORTD scheme, two waveforms are send based on the same PUCCH resource without extra resource requirement. 



[bookmark: _Ref471549674]Figure 1: Time domain signal construction over two OFDM symbols.



[bookmark: _Ref471550016]Figure 2: PUCCH transmit chain with OFDM symbol 1.



[bookmark: _Ref471550018]Figure 3: PUCCH transmit chain with OFDM symbol 2.
The receiver diagram for PUCCH with STBC can be illustrated in Figure 4. At gNB receiver side, after FFT and tone extraction, two sets of signals on frequency domain can be obtained








whereand are the DFT transform of and respectively. and  are the channel from the first and second Tx antennas. 




It is clear to see that based on the signals and , on each tone k, a very simple de-Alamouti combiner can be applied as below, which explores the full diversity of channels and . 


After the de-Alamouti combining, the FDE (frequency domain equalizer) is performed, followed by the IDFT to obtain the time domain samples to do demodulation and decoding.


[bookmark: _Ref471551199]Figure 4: PUCCH receiver chain with STBC based diversity.

[bookmark: _Ref471573616][bookmark: _Ref463027406][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]STBC described above need even number of symbols. With odd number of symbols, STBC can still be applied with symbol splitting. There are two options to do symbol splitting
· Physically split each OFDM symbol into two half-symbols with scaled numerology. Then apply the proposed STBC across physical half-symbols.
· Virtually split each OFDM symbol into two half-symbols before DFT. Apply STBC across the virtual half-symbols.

With symbol splitting, there are even number of half-symbols available. Then we treat each half-symbol as if it is a regular OFDM symbol and apply STBC as described in Section 2. 
The difference between physical and virtual symbol splitting is that physical splitting doubles the subcarrier spacing and reduced half CP length. Also, the receiver with virtual symbol splitting can be different from the receiver with physical symbol splitting. The receiver structure for PUCCH with virtually split symbol based STBC is given Appendix 5.1.  
Proposal 1: adopt at least STBC for the transmission diversity scheme for PUCCH with DFT-S-OFDM based waveform.
· Physical or virtual split of symbols can be considered for symbol pairing
[bookmark: _Ref471548661][bookmark: _Ref471724565][bookmark: _Ref471331287]Other schemes for PUCCH transmit diversity
There are other schemes can be considered for PUCCH transmit diversity such as delay CDD and precoder cycling. Both of these transmission schemes can achieve diversity while maintaining single carrier waveform property of the transmitted signal. 
The delay CDD is easy to implement at UE and could be transparent to gNB. However, how to design the amount of delay such that sufficient diversity can be achieved within PUCCH narrow band, i.e., one single RB or a few RBs, still needs further study.  
For the precoder cycling for PUCCH diversity, there are two options we can consider. The first option is slot level precoder cycling, i.e., the same precoder is used within the slot and varies from slot to slot. With this option, the same precoder may apply to both DMRS and PUCCH data symbols. The advantage of slot level precoder cycling is that the precoder can be optimized by UE based on channel and interference measurement and the precoder can be transparent to gNB. Since the same precoder is used per slot, there won't be diversity within the slot. We may see diversity gain cross slots. Furthermore, gNB may select the best precoder with which best performance is achieved and signal the selection to UE. 
The second option is to do precoder cycling cross different OFDM symbols within each slot. Since we are varying precoder within the slot, DMRS can't match every precoder if maintaining the same overhead. Therefore, DMRS will be un-precoded. In order to construct channel estimation for each precoded OFDM symbol, the precoder cycling pattern needs to be known also at gNB side. Therefore, the precoder cycling scheme with the second option is not transparent to gNB. The precedure of precoder signaling between gNB and UE can be further studied.
Proposal 2: Also consider delay CDD and/or precoder cycling for the transmission diversity scheme for PUCCH with DFT-S-OFDM based waveform.
[bookmark: _Ref471548674]Conclusions
The following proposals are for UL transmit diversity. 
Proposal 1: adopt at least STBC for the transmission diversity scheme for PUCCH with DFT-S-OFDM based waveform.
· Physical or virtual split of symbols can be considered for symbol pairing

Proposal 2: Also consider delay CDD and/or precoder cycling for the transmission diversity scheme for PUCCH with DFT-S-OFDM based waveform.
 Appendix
[bookmark: _Ref471572802]STBC receiver with virtual split symbols 


[bookmark: _Ref471726369]Figure 9: PUCCH receiver chain with virtual split symbol STBC.


As shown in Figure 9, at gNB receiver side, N point FFT and tone extraction are performed to obtain the PUCCH signals  for desired UE in frequency domain. Equivalently, from time domain perspective, the received signal is denoted as




Where and are the received signals in the first half-symbol and second half-symbol.






where  and  are the channel from the first Tx antenna and the second Tx antenna respectively. 








In frequency domain, the PUCCH tones are then multiplied with and respectively, where  and  are the channel from the first and second Tx antennas. The two streams of channel scaled signals are then pass through two IDFT blocks to obtain the signals in time domain. We denote the two steams of time domain signals as  and  where  are concatenated in time domain, are concatenated in time domain as well.

Given the IDFT properties that , it can be shown that 








The de-Alamouti combiner is conducted in time domain as follow

,



We can see that the signals after combining can be expressed as below



It is clear to see that full transmit diversity can be achieved with STBC with split half-symbols.
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