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1 Introduction

In the RAN1#66 meeting, PUCCH transmit diversity for Format 3 was discussed and the following guidelines for the selection of transmit diversity scheme were given [1]:

· PUCCH overhead as close as possible to single antenna case
· Performance significantly improved compared to single antenna and as close as possible to SORTD
· Minimize the specification impact

· Consider cases with and without antenna gain imbalance

· Take inter-cell interference into account

· Consider both normal and extended CP
In this contribution, several transmit diversity schemes are discussed and compared using these guidelines. A trade-off analysis is also provided for each candidate scheme. Based on the guidelines and the trade-off analysis, we propose to use FSTD with 12-point DFT or beam switching before DFT for PUCCH Format 3 transmit diversity.

2 Transmit diversity schemes for PUCCH Format 3
In RAN1#66 meeting, several diversity schemes for PUCCH format 3 were proposed. This section briefly describes these schemes.
Option 1: Alamouti coding before DFT (SC-STBC)
This option is described in [2] and can be illustrated in Figure 1 below. The input data vector of [d1,…,d12] and its transformed version [d*2, (d*1…, d*12, (d*11] are DFT transformed and then conveyed over antenna ports 1 and 2 (AP1 and AP2) separately. At the receiver side, after the IDFT, it is assumed that all the transmitted symbols dm (m=1,…,12) experience a constant equivalent channel and likewise for ((1)md*m (m=1,…,12). Therefore, the following transmission blocks of Alamouti coding before DFT operation can be made:
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Figure 1. Alamouti coding before DFT (SC-STBC).

Option 2: Modified SFBC (M-SFBC)
This option is described in [3] and [4] and can be illustrated in Figure 2 below. The output vector {s1,…,s12}, after performing DFT on the input data vector of [d1,…,d12], and its transformed version of {-s*6,…s*1, -s*12…, s*7} are transmitted on AP1 and AP2 separately. The two output vectors can form the transmission block, 
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In the transmission block, two columns with a certain distance can generate a space frequency block code (SFBC) matrix as
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The benefit of this encoding scheme is that single carrier property is maintained per antenna.  
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Figure 2. Modified SFBC (M-STBC).
Option 3: Frequency Switched Transmit Diversity (FSTD)
This option is described in [5] and can be illustrated in Figure 3. The input data vector of [d1,…,d6] and [d7,…,d12] are DFT transformed and transmitted over AP1 and AP2 separately. To achieve frequency switched diversity, the output vector of [d1, …, d6] after DFT is mapped onto the even subcarriers on AP1 while [d7,…,d12] is mapped onto the odd subcarriers on AP2. However, to reuse the module for single antenna port transmission for simplicity, this scheme can be also implemented as shown in Figure 4.
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Figure 3. Frequency Switched Transmit Diversity with 6-point DFT.
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Figure 4. Frequency Switched Transmit Diversity with 12-point DFT.
Option 4: Beam switching before DFT (BS-DFT)
This option is described in [6] and can be illustrated in Figure 5 below. The input data vector of [d1,…,d12] and its transformed version [a1d1, a2d2, …, a11d11, a12d12] are DFT transformed and then conveyed over AP1 and AP2 separately. The coefficient an could be freely chosen with only the constraint that they cannot be all the same, e.g., an=exp{j2nkπ/12} for some k. At the receiver side, after the IDFT, different elements in the input data vector will experience different beam so that diversity gain is achieved.
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Figure 5. Beam switching before DFT (BS-DFT).
Option 5: Antenna port selection (APS)
This option is described in [7]. The eNB indicates to the UE which PUCCH antenna port shall be used for transmission of ACK/NACK based on its estimates of the channel gains on different antenna ports.
3 Discussion on transmit diversity schemes for PUCCH format 3
3.1 Performance comparison 
In this section, we evaluate the five TxD candidate schemes for PUCCH format 3 for the cases without/with inter-cell interference (ICI) using the simulation assumptions listed in Appendix A. For the case with inter-cell interference, it is assumed that a single interfering UE in an adjacent cell transmitting with the same transmit diversity scheme as the desired UE [8], the desired UE and interfering UE use the same PUCCH resources for transmission with interference randomization, the power ratio of interfering UE and desired UE is -3dB. In order to compare according to the guidelines, the performances for single antenna port and SORTD are also simulated. 
The required SNR for different schemes fulfilling the following requirements is summarized in Table 1 and Table 2. The details of simulation results are shown in Appendix B.  
· Pr(DTX(ACK) ( 10-2 

· Pr(ACK(NACK/DTX) ( 10-2
· Pr(NACK(ACK) ( 10-3
Table 1. The required SNR (dB) for the case without inter-cell interference.
	TxD schemes
	6bit
	8bit
	10bit

	Single Antenna Port (SAP)
	-5.1
	-4.3
	-3

	SORTD
	-7
	-6
	-5.2

	Option 1: SC-STBC
	-6.8
	-5.5
	-4.9

	Option 2: M-SFBC
	-6.6
	-5.6
	-4.8

	Option 3: FSTD
	-6.9
	-5.5
	-4.8

	Option 4: BS-DFT
	-6.1
	-5
	-4.3

	Option 5: APS
	-6.8
	-5.7
	-4.7


Table 2. The required SNR (dB) for the case with inter-cell interference.
	TxD schemes
	-3dB power offset

	
	6bit
	8bit
	10bit

	Single Antenna Port (SAP)
	-4.4
	-3.1
	-1.7

	SORTD
	-6.5
	-5.2
	-4.8

	Option 1: SC-STBC
	-6.3
	-5.2
	-4.2

	Option 2: M-SFBC
	-6.4
	-5.1
	-4.2

	Option 3: FSTD
	-6.4
	-5.1
	-4.2

	Option 4: BS-DFT
	-5.9
	-4.5
	-3.9

	Option 5: APS
	-6.3
	-4.9
	-3.6


In the simulation, the antenna port used for the Antenna Port Selection scheme is based on ideal channel knowledge with an antenna port selection periodicity of 1ms. For BS-DFT, it is assumed that an= (-1)^(n). The simulation results lead to these observations:  
For the case without ICI
· The Antenna Port Selection scheme has about 1.4dB to 1.7dB gain over SAP while having about 0.2dB to 0.5dB performance loss compared to SORTD. In the simulation, it is assumed that the maximum power of single antenna is 23dBm. If the maximum power of single antenna is 20dBm, the performance for antenna port selection will degrade in some cases because of 3dB transmit power reduction, which will result that the performance of antenna port selection is worse than SAP.
· SC-STBC and M-SFBC have almost the same performance and have about 1.2dB to 1.9dB gain over SAP. The performance is about 0.2dB to 0.5dB worse than that of SORTD. 
· FSTD has about 1.2dB to 1.8dB gain over SAP while having about 0.1dB to 0.5dB performance loss compared to SORTD.
· BS-DFT has about 0.7dB to 1.3dB gain over SAP while having about 0.9dB to 1dB performance loss compared to SORTD.

For the case with ICI
· The Antenna Port Selection scheme has about 1.8dB to1.9dB gain over SAP. In the simulation, it is assumed that the maximum power of single antenna is 23dBm. If the maximum power of single antenna is 20dBm, the performance for antenna port selection will degrade in some cases because of 3dB transmit power reduction, which will result that the performance of antenna port selection is worse than SAP.
· SC-STBC and M-SFBC have almost the same performance and have about 2dB to 2.5dB gain over SAP. The performance is about 0.1dB to 0.6dB worse than the performance of SORTD. 

· FSTD has about 2dB to 2.5dB gain over SAP while having about 0.1dB to 0.6dB performance loss compared to SORTD.

· BS-DFT has about 1.4dB to 2.2dB gain over SAP while having about 0.6dB to 0.9dB performance loss compared to SORTD.
Based on these observations, we can see that FSTD has the most significant performance gain compared to SAP and has the least performance loss compared to SORTD. Although the performances of SC-STBC and M-SFBC are very good, they have higher receiver complexity when joint ML detection using data and DM-RS is used. For both SC-STBC and M-SFBC, they need to estimate the channel for each transmit antenna for all the assumptions of transmitted information bits according to the method shown in [3]. In addition, for M-SFBC, it needs to perform DFT transform for each assumption of transmitted information bits before estimating the channel for each transmit antenna. 
3.2 Extra design for extended CP

For the schemes described in Section 2 except antenna port selection, whether the multiplexing capacity can be increased depends on the availability of DMRS because the required DMRS is doubled. This can be solved by applying an orthogonal cover code (OCC) over two SC-FDMA symbols for DMRS in a slot in the case of normal CP. However with extended CP, because there is only one SC-FDMA symbol for DMRS, the approach of applying OCC cannot work. In this case, we can improve the multiplexing capacity by introducing some modifications to PUCCH format 3, for example, we can reserve one more SC-FDMA symbol for DMRS in each slot.
3.3 Overhead comparison

From the principle of all the candidate schemes given in section 2, we can see that the PUCCH overhead of all the schemes are the same as that for single antenna case. 
3.4 Specification impact 
The possible specification impact for each candidate scheme is shown in Table 3. We can see that the specification impact for SC-STBC, M-SFBC, FSTD and BS-DFT is almost the same, which mainly needs to define the transformed processing for the modulation symbols and another orthogonal sequence for the DMRS in the specification. For the antenna port selection scheme, although it can reuse the processing for PUCCH format 3 in Rel-10, it needs to define how to signal the selected antenna port for closed-loop scheme with the standardization work being the signaling method. 
Table 3. Possible specification impact from different transmit diversity scheme
	TxD schemes
	Specification impact

	Option 1: SC-STBC
	· Define the transformed processing of the modulation symbols for antenna port 1 before DFT. 

· Define another orthogonal sequence for DMRS and how to map the orthogonal sequence to antenna port.

	Option 2: M-SFBC
	· Define the transformed processing of the modulation symbols for antenna port 1 after DFT. 

· Define another orthogonal sequence for DMRS and how to map the orthogonal sequence to antenna port.

	Option 3: FSTD
	· Define the transformed processing of the modulation symbols before DFT for the FSTD with 12-point DFT. For FSTD with 6-point DFT, it further needs to define the processing after DFT.
· Define another orthogonal sequence for DMRS and how to map the orthogonal sequence to antenna port.

	Option 4: BS-DFT
	· Define the transformed processing of the modulation symbols for antenna port 1 before DFT. 

· Define another orthogonal sequence for DMRS and how to map the orthogonal sequence to antenna port

	Option 5: APS
	· Discuss how to signal the selected antenna port first and then define it in the specification. 


In addition, for the extended CP, if we also want to improve the multiplexing capacity, as modification PUCCH format 3 also needs to be defined if one of the candidate schemes SC-STBC, M-SFBC, FSTD and BS-DFT is used. 
3.5 Impact by antenna gain imbalance
If antenna gain imbalance (AGI) occurs, the performance of SC-STBC, M-SFBC, FSTD and BS-DFT would degrade because the antenna with large degradation will not contribute to transmit diversity gain. For the antenna port selection scheme, AGI may have little impact on the performance because AGI can be implicitly addressed by PUCCH antenna port selection. 

However, since the AGI can be measured by eNB using sounding reference signal (SRS), the eNB can also configure single antenna port transmission for PUCCH format 3 instead of transmit diversity when AGI occurs. Hence, our understanding is that AGI has no serious impact on the TxD scheme selection.
3.6 Summary of the discussions 
The transmit diversity schemes described in Section 2 were compared in the previous subsections according to the guidelines. Table 4 summarizes the discussions. 
In addition, for the antenna selection scheme, although no extra design for extended CP is needed, a procedure to signal the selected antenna to UE for the closed-loop scheme is necessary. 
Based on Table 4 and all the above discussion, FSTD and BS-DFT is preferred. For FSTD, 12-point DFT is preferred. Firstly, it can reuse the 12-point DFT transforming module for single antenna port transmission which can make the implementation simpler. Secondly, it needs less specification work.
Table 4. Summary of discussions. 
	TxD schemes
	Performance
	Overhead
	Specification impact
	Complexity for receiver

	SC-STBC
	Good
	Same as single Antenna
	Medium
	Medium

	M-SFBC
	Good
	Same as single Antenna
	Medium
	High

	FSTD
	Good
	Same as single Antenna
	Medium
	Low

	BS-DFT
	Good
	Same as single Antenna
	Medium
	Low

	APS
	Good (23dBm case)
Worse (20dBm case)
	Same as single Antenna
	Medium
	Low


4 Trade-off analysis
Based on the discussion in Section 3, the trade-off analysis of all the transmit diversity schemes can be shown in Figure 6. 
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Figure 6. Trade-off analysis of the transmit diversity schemes.
5 Conclusion 
In this contribution, several transmit diversity schemes are discussed and compared according to the guidelines. And a trade-off analysis is also provided for each candidate scheme. Based on the discussion and analysis, we have the following proposal:
Proposal: FSTD with 12-point DFT or beam switching before DFT can be considered as PUCCH Format 3 transmit diversity.
References
[1] 3GPP, “Draft_ReportWG1#66_v0.2.0”, Athens, Greece, 22nd - 26th August, 2011.
[2] R1-112500, “PUCCH Format 3 Transmit Diversity for Rel-11”, Samsung, Athens, Greece, August 22- 26, 2011.
[3] R1-112473, “Transmit Diversity for PUCCH Format 3 in Rel-11”, LG Electronics, Athens, Greece, August 22- 26, 2011.
[4] R1-112701, “Transmit diversity schemes for PUCCH Format 3”, Mitsubishi Electric, Athens, Greece, August 22- 26, 2011.
[5] R1-104979, “Transmit diversity for CA PUCCH for UE supporting more than 4 A/N bits”, Ericsson, ST-Ericsson, Madrid, Spain, August 23- 27, 2010.
[6] R1-112462, “TxD scheme enhancement for PUCCH format 3”, Huawei, HiSilicon, Athens, Greece, August 22- 26, 2011.
[7] R1-112105, “Transmit diversity for Format 3 and Format 1b with channel selection”, CATT, Athens, Greece, August 22- 26, 2011.
[8] R1-112078, “Enhanced transmit diversity for PUCCH”, Ericsson, ST-Ericsson, Athens, Greece, August 2011. 
Appendix A

Table 5. Simulation assumptions.
	Parameter
	Value

	Carrier frequency
	2GHz

	Channel model
	ETU/5MHz

	Velocity
	3km/h

	Frequency hopping
	At slot boundary

	Antenna configuration
	1x2/2x2

	RX antenna correlation
	Uncorrelated

	CP
	Normal

	Signal bandwidth
	180kHz

	RX false alarm detection threshold
	[image: image10.wmf](

)

(

)

2

10

bits)

ACK/NAK 

(

#

 

 

 DTX

PUCCH

#

bits

ACK 

 

false

#

 

bits)

ACK 

 

 DTX

Prob(PUCCH

-

£

´

=

®


Note: One error for each falsely generated ACK bit

	Noise estimation
	Ideal

	Number of UEs
	1 (without inter-cell interference), 

2 (there is one interfering UE)

	Number of PRBs for PUCCH
	1
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	Receiver Type
	Joint ML detection using data and DM-RS


Appendix B
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Figure 7. Simulation results for 6 bits without ICI.
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Figure 8. Simulation results for 8 bits without ICI.
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Figure 9. Simulation results for 10 bits without ICI
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Figure 10. Simulation results for 6 bits with ICI
[image: image16.emf]-10 -9 -8 -7 -6 -5 -4 -3 -2

10

-4

10

-3

10

-2

10

-1

Es/N0

Error Probability

ETU, 3km/h, 10bits, ICI with 3dB power offset

 

 

N->A,SAP

N->A,SC-STBC

N->A,M-SFBC

N->A,FSTD

N->A,SORTD

N->A,BS-DFT

N->A,APS

A->N/D,SAP

A->N/D,SC-STBC

A->N/D,M-SFBC

A->N/D,FSTD

A->N/D,SORTD

A->N/D,BS-DFT


Figure 11. Simulation results for 10 bits with ICI











































































