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Introduction
[bookmark: _Ref129681832]In the 3GPP NR Ad hoc meeting in January, transmit antenna diversity was agreed to be supported at least for long duration PUCCH: 
· For further discussion of PUCCH in short-duration, UCI payload of 1 – at least a few tens of bits (or SR) is assumed.
· For further discussion of PUCCH in long-duration, UCI payload of 1 – at least a few hundreds of bits (or SR) is assumed.
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
· For PUCCH in long-duration, transmit antenna diversity is supported.
· FFS: PUCCH in short-duration
[bookmark: _GoBack]In the 3GPP RAN1#88bis meeting, the following transmit diversity schemes were agreed as candidates for DFT-s-OFDM in long duration PUCCH: 
· 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.
The design requirement for PUCCH in NR is very challenging. Firstly, it should be flexible enough to fit in different payload sizes or formats under different duration configuration. Secondly, it needs to meet other requirements such as reliability and/or multiple UE multiplexing capability. Furthermore, implementation requirement such as low PAPR/CM should also be considered.  
This contribution will discuss transmit diversity for PUCCH considering the above challenging requirements. The long duration PUCCH structures and formats are discussed in our companion contributions [1] [2][3]. More detail on transmit diversity for short duration PUCCH can be found in [4].
Transmit diversity for long duration PUCCH
PUCCH in long duration will consist of 4 ~ 14 symbols in time domain. The duration of PUCCH in LTE is designed as 13/14 symbols for normal CP and 12 symbols for extended CP. Shortened PUCCH is also supported in LTE, e.g. for multiplexing with SRS, where 1 symbol would be punctured based on the normal PUCCH structure. Therefore, PUCCH design in LTE will be a good starting point for long duration PUCCH in NR. The following discussion will be based on two transmit antennas at UE. SORTD, SFBC, STBC and CDD will be discussed.
SORTD for long duration PUCCH
Different PUCCH formats were defined in LTE to transmit different UCI including SR, ACK/NACK, CSI and UCI combination. FDM and CDM were used among multiple UEs in LTE. Different UEs can occupy different PUCCH control region in RB pair level within one subframe. Different orthogonal resources can be used for multiple UEs within same PUCCH control region. The orthogonal resource in code domain can be defined by Cyclic Shift (CS) of the base sequence, the Orthogonal Cover Code (OCC), or their combination (CS, OCC), depending on concrete format. Furthermore, the orthogonal resources can be defined by different RBs in frequency domain or symbols in time domain.
In principle, the above orthogonal resources for multiplexing PUCCH channels from different UEs can be used on multiple antennas to transmit PUCCH from single UE and hence could obtain transmit antenna diversity gain. This is usually called Spatial Orthogonal Resource Transmit Diversity (SORTD). 
As discussed in our companion contribution [2], three long PUCCH formats (i.e. PUCCH format 1, 2 and 3) would be defined in NR, which are based on LTE PUCCH format 1/1a/1b, 3 and 4, respectively.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]SORTD for NR long PUCCH format 1 
For NR long PUCCH format 1, similar to PUCCH format 1/1a/1b in LTE, a single self-contained UCI can be carried in single symbol. Therefore, it is easy to adapt itself to different number of symbols for long duration PUCCH.  The single symbol can use different CS and can be also spreaded over time domain via OCC.
 For format 1, NR long PUCCH can maintain at least two orthogonal resources, either via different CS or OCC or (CS, OCC) for UCI and DMRS. The orthogonal resources can be used for two antennas in SORTD for PUCCH. An example is shown in Fig.1 for case of 6 symbols. 


Fig.1. Example - SORTD for NR long PUCCH format 1 
Base on the above discussion, we can have observation:
Observation 1: SORTD can be used to support long PUCCH format1 with 4-14 symbols in NR.
SORTD for NR long PUCCH format 2
[bookmark: OLE_LINK36][bookmark: OLE_LINK37]As discussed in [3], time domain OCC can be used for NR long PUCCH format 2, which is based on PUCCH format 3 in LTE. The time domain OCC can be used for SORTD when transmit diversity is needed, which is already adopted for PUCCH format 3 in LTE. An example is shown in Fig.2 for case of 6 symbols. It should be noted that time domain OCC and frequency hopping is mutual-exclusive choice when duration is less than 6 symbols [2], which means SORTD or frequency hopping could be configurable for the case of 4 or 5 symbols if an orthogonal resource in code domain is used for transmit diversity.




 Fig.2. Example - SORTD for NR long PUCCH format 2
Base on the above discussion, we can have the following observation:
Observation 2: SORTD can be used to support long PUCCH format 2 with 4-14 symbols in NR.
SORTD for NR long PUCCH format 3
NR long PUCCH format 3 is based on PUSCH or PUCCH format 4 in LTE, which is actually used for single UE and hence there is no multiplexing capability. Whether to support transmit diversity should be considered. Furthermore, since this format is mainly to address larger payload size in NR, more RBs should be considered. A possible extension based on SORTD is to use different RBs/RB groups for different antennas, based on frequency switching.
SFBC for PUCCH in long duration
SFBC was used as transmit diversity scheme in LTE, which applied Alamouti scheme on two modulation symbols transmitted on two adjacent sub-carriers. When combined with DFT-S-OFDM, it can be depicted in Fig.3, where Si, Si+1 ,… is the modulation symbols after DFT precoding.
Pros: 
· Independent on flexible number of symbols in PUCCH in long duration.
Cons: 
· Higher PARA/CM on one of the two antennas.
· Sensitive to strong frequency selective channel, especially for large subcarrier spacing.



Fig.3. SFBC for PUCCH 
A PAPR preserving SFBC was proposed in contribution [3].  The main cons is as following 
· Two modulation symbols used for Alamouti code was NOT transmitted on two adjacent sub-carriers, which is sensitive to frequency selective channel. 
· MMSE receiver has to be used, which results in increased implementation complexity.

STBC for PUCCH in long duration
STBC will apply Alamouti scheme on two modulation symbols transmitted on two adjacent DFT-S-OFDM symbols, as depicted in Fig.6, where sequence of Si, Si+1 ,…and sequence of Ti, Ti+1 ,… are from two adjacent DFT-S-OFDM symbols, after DFT precoding .
Pros: 
· Low PARA/CM on both transmit antennas.
Cons: 
· Requirement on even number of DFT-S-OFDAM symbols, difficult to be adaptive for flexible number of symbols in PUCCH in long duration.
· Sensitive to strong channel variations in the time domain, especially for case of high Doppler.



Fig.4. STBC for PUCCH 

CDD for PUCCH in long duration
CDD (Cyclic Delay Diversity) approach is to introduce frequency selectivity in the channel by transmitting cyclically delayed signals from multiple transmit antennas. Based on OFDM, it can be implemented in the frequency domain by introducing equivalent phase shift in each subcarrier, corresponding to a certain delay.
 Pros: 
· Low PARA/CM on both transmit antennas.
Cons: 
· Limited diversity gain, due to adaptive delay needed to UE specific channel.

Performance of SFBC, FSTD, Short CDD and Long CDD was widely compared during LTE R8 standardization. CDD was worse than other schemes, as shown from the simulation results in contribution [7].
Based on the above discussions and observations, we have the following proposal:
Proposal 1: SORTD can be considered as starting point to support transmit diversity for long PUCCH. 

Transmit diversity for short duration PUCCH
SORTD for short duration PUCCH with up to 2 bits
As already agreed in RAN1#88bis meeting, PAPR/CM was an important performance metric for up to 2 bits. Furthermore, coverage improvement from low PAPR/CM design was observed in companion contribution [5], Therefore, SORTD is a nature choice.  
For 1-symbol PUCCH with up to 2bits, a low PAPR/CM FDM based scheme was provided in our companion contribution [5], where 12-length sequence was used on 12-subcarriers, even part carrying reference signal and odd part carrying modulation symbols from UCI.  It can be found that 3 cyclic shifts (0, 4, 8) of a same sequences are orthogonal. Therefore, the orthogonal CS (cyclic shift) sequence can be used for different antennas from the same UE, which is a SORTD scheme.  The above scheme can be extended for 2-symbol PUCCH, via repetition and frequency hopping, where each symbol will use SORTD, Similar as that for 1-symbol PUCCH. 
Base on the above discussion, we have the following proposal: 
Proposal 2: SORTD can be used for 1&2-symbol PUCCH with up to 2bits.
SFBC for short duration PUCCH with more than 2 bits
Due to limited resource elements, it is difficult for short duration PUCCH to carry more than 2 bits based on sequence.  Since CP-OFDM NOT DFT-s-OFDM is used, low PAPR/CM will not be a main concern. 
Therefore, CDD, STBC and SFBC are possible transmit diversity schemes for short duration PUCCH with more than 2 bits. Due to requirement of even number of symbols in time domain, STBC cannot be used for one-symbol PUCCH. As already widely evaluated during LTE R8 standardization, CDD for CP-OFDM was worse than the other transmit diversity scheme such as SFBC, for example, from the simulation results from contribution [7]. Therefore, SFBC is promising.  As described in companion contribution [6], UCI and RS are FDMed for CP-OFDM in short duration PUCCH with more than 2 bits as shown in Fig. 5.  
[image: ]
[bookmark: OLE_LINK175]Fig.5. FDM scheme for 1-symbol PUCCH with more than 2bits in [6]
As given in Fig.3, SFBC can apply Alamouti scheme on two modulation symbols from UCI and map on the adjacent REs for UCI in Fig.5.  
The above scheme can be extended to 2-symbol PUCCH, via time domain OCC or joint encoding and frequency hopping, where each symbol will use SFBC similar to that for above 1-symbol case.   
Base on the above discussion, we have the following proposal:
Proposal 3: SFBC can be used for 1& 2-symbol PUCCH with more than 2bits. 

Conclusions
[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, possible transmit diversity schemes for duration PUCCH were discussed, including SORTD, SFBC, STBC and CDD. Based on the above analysis and discussion, we have the following observations and proposals:
Observation 1: SORTD can be used to support long PUCCH format1 with 4-14 symbols in NR.
Observation 2: SORTD can be used to support long PUCCH format2 with 4-14 symbols in NR.
Proposal 1: SORTD can be considered as starting point to support transmit diversity for long PUCCH. 
Proposal 2: SORTD can be used for 1& 2-symbol PUCCH with up to 2bits.
Proposal 3: SFBC can be used for 1& 2-symbol PUCCH with more than 2bits.
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Appendix
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Fig.5. Performance comparison between SFBC, FSTD, Short CDD and Long CDD from [3]
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