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1 Introduction

A number of transmit diversity (TxD) schemes for PUCCH format 3 were proposed for Rel-10, namely space-time block code (STBC) [2], modified space-frequency block code (SFBC) [3]

 REF _Ref273654151 \r \h 
[4], and frequency-switch transmit diversity (FSTD) [5], and space-orthogonal resource transmit diversity (SORTD) was adopted. However, the high resource consumption of SORTD motivates consideration of other schemes for Rel-11. In RAN1#66, additional schemes have been introduced, including modified FSTD [16], beam-switch transmit diversity (BSTD) [11], and closed-loop antenna selection (CLAS) [13]. 

This contribution provides an analysis for the candidate TxD schemes in terms of their main features, advantages, and disadvantages. Extensive performance evaluations can be found in numerous contributions, such as [1], [2], [3], [5], [7], [8], [12], [14], [15], and [16]. 
2 Candidate Schemes for PUCCH TxD
Alt 1: STBC before DFT
This alternative is described in [1][2] and is illustrated in Figure 1. This TxD scheme employs Alamouti encoding of the modulation symbols across the two transmit antennas before the DFT operation. Essentially, if the first antenna transmits the QPSK modulation symbols 
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. 
· Advantages:
· Uses only one orthogonal resource as for 1Tx case.

· Reuses the same SC-FDMA signal processing engine as for Rel-8 for both antenna ports.
· Good performance, simple receiver.

· Low specification impact.  It only needs to be specified that the input to the DFT12 operation for the 2nd antenna port is 
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. Specification of orthogonal RS between the two antennas is also needed but this is also trivial. 
· Disadvantages:
· Uses two (but identical) DFT12 operations.
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Figure 1: PUCCH format 3 TxD scheme in a subframe slot using Alamouti encoding before DFT (Alt. 1), with 
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 \* MERGEFORMAT [2]. 
Alt 2: Modified SFBC
This alternative is described in [3][4][14] and depicted in Figure 2. The signal transmitted on the second antenna is a transformed version of the DFT output for the first antenna in order to avoid increasing the CM of the transmitted signal, as depicted in Figure 3 and Figure 4. This transform consists of reversing the order of the first antenna’s DFT output, taking the complex conjugation, negating every other element, and then cyclically shifting the resulting sequence by 6 subcarriers.
Essentially, in a given slot, if the first antenna transmits the modulation symbols 
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which experiences a phase rotation of increment 5(/6. 
· Advantages:
· Uses only one orthogonal resource as for 1Tx case.

· Requires one DFT12 operation.  

· Good performance, simple receiver.

· Relatively low specification impact.
· Disadvantages: 
· Requires two different SC-FDMA signal processing engines.
· Slightly higher specification impact than for Alt 1. To support this scheme, either a transformation (involving complex conjugation, cyclic shifting, and phase rotations) in time domain as shown in Figure 3, or TxD encoding in frequency domain as shown in Figure 2 needs to be specified. The time-domain transformation is obviously more complicated compared to Alt 1, which involves only sign flipping and no phase rotations. The frequency-domain encoding requires, in addition to the specification impact, modification to the SC-FDMA signal processing engine. Specification of orthogonal RS between the two antennas is also needed.
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Figure 2: Modified SFBC TxD scheme (Alt. 2) for PUCCH format 3 [3][4].
[image: image10.wmf]ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ë

é

11

10

9

8

7

6

5

4

3

2

1

0

a

a

a

a

a

a

a

a

a

a

a

a

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ê

ë

é

-

-

-

-

-

-

-

-

-

-

-

-

N

N

j

N

N

j

N

N

j

N

N

j

N

N

j

N

N

j

N

N

j

N

N

j

N

N

j

N

N

j

N

N

j

N

N

j

e

a

e

a

e

a

e

a

e

a

e

a

e

a

e

a

e

a

e

a

e

a

e

a

11

)

1

2

(

2

*

5

10

)

1

2

(

2

*

4

9

)

1

2

(

2

*

3

8

)

1

2

(

2

*

2

7

)

1

2

(

2

*

1

6

)

1

2

(

2

*

0

5

)

1

2

(

2

*

11

4

)

1

2

(

2

*

10

3

)

1

2

(

2

*

9

2

)

1

2

(

2

*

8

1

)

1

2

(

2

*

7

0

)

1

2

(

2

*

6

p

p

p

p

p

p

p

p

p

p

p

p

Ant. 0

DFT

Resource 

map

IFFT

Ant. 1

DFT

Resource 

map

IFFT

Transform


Figure 3: Relationship between the signals transmitted on the antennas ports in SFBC scheme (Alt. 2).   
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Figure 4: Phase sequence modulating the QPSK symbols transmitted on the second antenna in SFBC (Alt. 2).   

Alt 3: FSTD
This alternative is described in [5][16] and depicted in Figure 5. This transmission scheme is a frequency-switched transmit diversity technique, where the first antenna transmits on the 6 even-index subcarriers and the second antenna transmits on the 6 odd-index subcarriers within a PRB. The first antenna carries 6 of the 12 modulation symbols while the second antenna carries the remaining 6 modulation symbols. This scheme uses size-12 DFT for 1Tx case and size-6 DFT per antenna for 2Tx case. 
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Figure 5: Frequency-switch TxD scheme (Alt. 3) for PUCCH format 3 [5].  
Alt 4: Modified FSTD
This scheme is Alt 3 described above plus a dual codeword mapping (interleaving) scheme (see Figure 5) to ensure that each codeword is mapped to both antennas and both slots [16]. While this interleaving scheme improves the diversity gain of FSTD, it applies only to the case of TxD and, hence, creates relatively high specification impact. In addition, the performance of modified FSTD will be negatively impacted by antenna gain imbalance. 
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Figure 5: Modified FSTD (Alt 4) [16].  
Alt 5: Closed-loop antenna selection
This scheme is described in [13], where the eNB dynamically indicates to the UE which antenna port is to be used for a PUCCH format-3 transmission.    
· Advantages: 

· As is the case for Alts 1, 2, 3, and 4, this scheme consumes the same amount of resources as for the single-antenna case.
· Needs reference signals for only one antenna at a time. 
· Disadvantages: 
· The scheme may not be able to achieve maximum power utilization. When one antenna is turned off, the UE may become unable to utilize 50% of the power that it can otherwise be able to transmit. In other words, the UE may not be able to put all the available power to one antenna. To support 1-Tx transmissions, a 2-antenna UE achieves full power utilization efficiently by antenna virtualization. However, to turn off one PA completely and put all the power on only one PA may bring the operating point into the nonlinear region, at least in max power cases (where each antenna is already at minimum power back-off).
· The scheme requires antenna selection indicator which requires introduction of new DCI formats. 
· The approach may perform poorly for moderate to high mobility and is not robust to practical channel variations (e.g. hand movement, etc.).
3 Conclusion 

Based on the above analysis and past evaluations, we see that Alt 1 and Alt 2 achieve the best performance among all the alternatives. Alt 1 is also the simplest alternative as it reuses the same SC-FDMA signal processing engine as for Rel. 8 for both antenna ports. Therefore, we make the following recommendations.

Proposal 1: Specify STBC before DFT for PUCCH format 3 transmit diversity in Rel-11.
Proposal 2: Use RRC signaling for PUCCH format 3 TxD scheme selection in Rel-11.
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