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1 Introduction 

In RAN1#66b, it was agreed, as a working assumption, that transmit diversity should be specified for PUCCH format 1b with channel selection in Rel-11.  Moreover, the working assumptions indicate that in FDD, at most 4 PUCCH resources are used for 2, 3, and 4 A/N bits transmission. The number of PUCCH resources used in TDD is FFS. 

A variety of uplink TxD schemes that use at most 4 resources were evaluated and discussed in the last RAN1 meeting. These schemes include E-SORTD1, E-SORTD2, RSTD (RSTD1 in this contribution), M-SORTD, M-SORTD2, and M-SCBC [1]-[7]. The simulation results included a comparison among these schemes as well as between them and SORTD and single antenna transmission as baselines. The observations in [1],[4],[5],[7] show that RSTD1 [7], E-SORTD1 [5], and E-SORTD2 [5]  are the most promising schemes, as they provide significant gain over single antenna transmission and perform very close to SORTD. E-SORTD1, however, has the drawback that when some resources are not available, it cannot transmit the corresponding combination of A/N bits and has to fall back to single antenna transmission mode.
This contribution provides further performance evaluation of PUCCH TxD schemes. A new resource efficient TxD scheme (RSTD2) is also introduced and its structure and performance is compared with existing approaches. Furthermore, E-SORTD2 is evaluated and compared with other schemes for both 3 and 4 A/N bits transmission. Also, for the case of 2 A/N bits transmission, SORTD (with 4 resources) is compared with single antenna transmission. Note that this contribution focuses on FDD; a companion paper [8] examines TDD.
2 Transmit Diversity Schemes for PUCCH Format 1b with Channel Selection

2.1 TxD Schemes for Transmission of 4 A/N bits

2.1.1 RSTD1 and E-SORTD1
Resource selection transmit diversity (RSTD1) [7] and enhanced SORTD #1 (E-SORTD1) are among those resource-efficient TxD schemes that demonstrate significant performance gain over single antenna transmission. Both schemes use the additional spatial dimension in a multi-antenna transmission scenario to define 16 distinct codewords (corresponding to 16 different combinations of Ack/Nack bits) using only 4 resources. Another common attribute of these two schemes is that they both allow the reference symbols (RS) and data symbols to be transmitted on different resources. For the codewords which are assigned the same resources, different modulation symbols are used. In E-SORTD1, the same modulation symbol is used for a codeword on both slots and both antenna. However, in RSTD1, a modulation coding is applied across the slots and transmit antennas, yielding to some additional coding gain. With the described structure, both schemes can exploit transmit diversity with the same number of orthogonal resources available for single antenna channel selection.
While RSTD1 and E-SORTD1 have a number of similar properties, they differ in the ability to handle the case where a cell is DTX.  Because UEs may not have enough resources to transmit in E-SORTD1 when a cell is DTX [7], we do not consider it further in this contribution.  Since it is designed to address the resource allocation behavior of E-SORTD1, we instead study E-SORTD2 [5].
Table 1 shows the mapping table for RSTD1. In this table, the combinations of Ack/Nack bits are indicated by the rows, the PUCCH resources used for data or reference symbols are indicated by the columns, and the data symbols transmitted for each combination of Ack/Nack bits are indicated in the cell at the intersection of corresponding rows and columns of the table. The antenna ports are listed in two sets of columns. Since we assume that transmitted data symbols may be different across the slots, each antenna is labeled with two symbols for each Ack/Nack bit combination as shown in the tables. The PUCCH resource used for the reference signal of an Ack/Nack bit combinations is indicated with an ‘r’ in the cell at the intersection of the column corresponding to the resource and the row corresponding to the Ack/Nack bits.  Since we assume that the modulation symbol used for the reference signals does not vary between slots, only one ‘r’ is needed per antenna on a row.

Table 1: 4 bit RSTD1
	HARQ-ACK(0)
	HARQ-ACK(1)
	HARQ-ACK(2)
	HARQ-ACK(3)
	Antenna Port 0
	Antenna Port 1

	
	
	
	
	Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	NACK/DTX
	NACK
	NACK/DTX
	NACK/DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	NACK
	NACK/DTX
	NACK/DTX
	NACK/DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	NACK/DTX
	j,j,r
	
	
	
	
	j,1,r
	
	

	NACK/DTX
	ACK
	NACK/DTX
	NACK/DTX
	-j,-j,r
	
	
	
	
	1,j,r
	
	

	ACK
	ACK
	NACK/DTX
	NACK/DTX
	-1,-1,r
	
	
	
	
	-1,-1,r
	
	

	NACK/DTX
	ACK
	ACK
	NACK/DTX
	r
	1,1
	
	
	
	
	r
	-j,-j

	ACK
	ACK
	ACK
	NACK/DTX
	r
	j,j
	
	
	
	
	r
	j,1

	NACK/DTX
	ACK
	ACK
	ACK
	r
	-j,-j
	
	
	
	
	r
	1,j

	ACK
	ACK
	ACK
	ACK
	r
	-1,-1
	
	
	
	
	r
	-1,-1

	NACK/DTX
	NACK/DTX
	NACK/DTX
	ACK
	
	
	
	1,1,r
	
	
	-j,-j,r
	

	NACK/DTX
	NACK/DTX
	ACK
	NACK/DTX
	
	
	
	j,j,r
	
	
	j,1,r
	

	NACK/DTX
	ACK
	NACK/DTX
	ACK
	
	
	
	-j,-j,r
	
	
	1,j,r
	

	NACK/DTX
	NACK/DTX
	ACK
	ACK
	
	
	
	-1,-1,r
	
	
	-1,-1,r
	

	ACK
	NACK/DTX
	ACK
	NACK/DTX
	
	
	1,1
	r
	-j,-j
	r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	ACK
	
	
	j,j
	r
	j,1
	r
	
	

	ACK
	NACK/DTX
	ACK
	ACK
	
	
	-j,-j
	r
	1,j
	r
	
	

	ACK
	ACK
	NACK/DTX
	ACK
	
	
	-1,-1
	r
	-1,-1
	r
	
	

	DTX
	DTX
	NACK/DTX
	NACK/DTX
	No Transmission


Observations:
· If a cell is DTX, the UE still has enough resources to transmit
This is illustrated in Table 1 by shading the rows where a cell can be DTX to be red for PCell or serving cell 1, and blue for SCell or serving cell two.  We assume PUCCH resources 0 and 1 are implicitly signalled by PDCCH on the primary cell (PCell), and PUCCH resources 2 and 3 are explicitly signalled by PDCCH on a secondary cell (SCell) or implicitly signalled by PDCCH on PCell in case of cross carrier scheduling.  In both cases, only resources signalled from the serving cell that is not DTX are used for transmission.

· Implicit resource allocation is supported.
RSTD1 is designed to have the PUCCH resource for data and reference signal on each antenna to be in the same RB.  When different resources are used on an antenna for data and reference signals, those resources are either (0 and 1) or (2 and 3).  Since resources 0 and 1 are signalled from PCell, we assume they will use implicit resource allocation and further that the resources are determined from nCCE and nCCE+1, as is the case for single antenna transmission.  In this case, it is straightforward for eNB to select PDCCH locations such that resources 0 and 1 are in the same PRB. When cross carrier scheduling is configured, resources 2 and 3 are also indicated by PDCCH on PCell. Similar to resources 0 and 1, it would be easy to locate resource 2 and 3 in the same PRB.
· Commonality with single antenna transmission.

RSTD1 is designed such that the mapping from A/N bits to modulation symbols and to resources used for data on antenna port 0 is aligned with the mapping in single antenna transmission as described in Table 10.1.2.2.1-5 of [9].  When only one of PCell or SCell is scheduled, antenna port 0 is the same as single antenna transmission.  This is helpful e.g. during reconfiguration between single antenna transmission and TxD.  

However, antenna port 0 is not the same as single antenna transmission for all codewords, since RS resources and data resources are different for some codewords. Also, on antenna port 1, the modulation symbols are different for the two slots. This is an incremental change from the single antenna format 1b with channel selection. However, since a mapping table should be defined for the second antenna ports anyways, this change does not imply additional complexity in the specification process. Also, this small change does not seem to increase the implementation complexity.
2.1.2 RSTD2 and E-SORTD2
As discussed before, RSTD1 incorporates some modulation coding to achieve a better performance. To maximize the coding gain in RSTD1, the modulation symbols vary across slots and antennas. This coding gain can be partially or completely traded for more desired characteristics. RSTD2 and E-SORTD2 are two of such TxD schemes that use the same resource mapping as RSTD1, but with a different modulation mapping. These two schemes are shown in Table 2 and Table 3, respectively.

In RSTD2, the modulation symbols are fixed across the slots, but they may be different for the two antenna ports. This difference between antennas allows some coding gain. On the other hand, in E-SORTD2, a single modulation symbol is used for both slots and both antennas. Hence, no additional coding gain is available in this case. Both schemes inherit the desired properties of RSTD1, namely:
· If a cell is DTX, the UE still has enough resources to transmit
· Implicit resource allocation is supported.
Table 2: 4 bit RSTD2
	HARQ-ACK(0)
	HARQ-ACK(1)
	HARQ-ACK(2)
	HARQ-ACK(3)
	Antenna Port 0
	Antenna Port 1

	
	
	
	
	Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	NACK/DTX
	NACK
	NACK/DTX
	NACK/DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	NACK
	NACK/DTX
	NACK/DTX
	NACK/DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	NACK/DTX
	j,j,r
	
	
	
	
	j,j,r
	
	

	NACK/DTX
	ACK
	NACK/DTX
	NACK/DTX
	-j,-j,r
	
	
	
	
	1,1,r
	
	

	ACK
	ACK
	NACK/DTX
	NACK/DTX
	-1,-1,r
	
	
	
	
	-1,-1,r
	
	

	NACK/DTX
	ACK
	ACK
	NACK/DTX
	r
	1,1
	
	
	
	
	r
	-j,-j

	ACK
	ACK
	ACK
	NACK/DTX
	r
	j,j
	
	
	
	
	r
	j,j

	NACK/DTX
	ACK
	ACK
	ACK
	r
	-j,-j
	
	
	
	
	r
	1,1

	ACK
	ACK
	ACK
	ACK
	r
	-1,-1
	
	
	
	
	r
	-1,-1

	NACK/DTX
	NACK/DTX
	NACK/DTX
	ACK
	
	
	
	1,1,r
	
	
	-j,-j,r
	

	NACK/DTX
	NACK/DTX
	ACK
	NACK/DTX
	
	
	
	j,j,r
	
	
	j,j,r
	

	NACK/DTX
	ACK
	NACK/DTX
	ACK
	
	
	
	-j,-j,r
	
	
	1,1,r
	

	NACK/DTX
	NACK/DTX
	ACK
	ACK
	
	
	
	-1,-1,r
	
	
	-1,-1,r
	

	ACK
	NACK/DTX
	ACK
	NACK/DTX
	
	
	1,1
	r
	-j,-j
	r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	ACK
	
	
	j,j
	r
	j,j
	r
	
	

	ACK
	NACK/DTX
	ACK
	ACK
	
	
	-j,-j
	r
	1,1
	r
	
	

	ACK
	ACK
	NACK/DTX
	ACK
	
	
	-1,-1
	r
	-1,-1
	r
	
	

	DTX
	DTX
	NACK/DTX
	NACK/DTX
	No Transmission


Table 3: 4 bit E-SORTD2
	HARQ-ACK(0)
	HARQ-ACK(1)
	HARQ-ACK(2)
	HARQ-ACK(3)
	Antenna Port 0
	Antenna Port 1

	
	
	
	
	Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	NACK/DTX
	NACK
	NACK/DTX
	NACK/DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	NACK
	NACK/DTX
	NACK/DTX
	NACK/DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	NACK/DTX
	j,j,r
	
	
	
	
	j,1,r
	
	

	NACK/DTX
	ACK
	NACK/DTX
	NACK/DTX
	-j,-j,r
	
	
	
	
	1,j,r
	
	

	ACK
	ACK
	NACK/DTX
	NACK/DTX
	-1,-1,r
	
	
	
	
	-1,-1,r
	
	

	NACK/DTX
	ACK
	ACK
	NACK/DTX
	r
	1,1
	
	
	
	
	r
	-j,-j

	ACK
	ACK
	ACK
	NACK/DTX
	r
	j,j
	
	
	
	
	r
	j,1

	NACK/DTX
	ACK
	ACK
	ACK
	r
	-j,-j
	
	
	
	
	r
	1,j

	ACK
	ACK
	ACK
	ACK
	r
	-1,-1
	
	
	
	
	r
	-1,-1

	NACK/DTX
	NACK/DTX
	NACK/DTX
	ACK
	
	
	
	1,1,r
	
	
	-j,-j,r
	

	NACK/DTX
	NACK/DTX
	ACK
	NACK/DTX
	
	
	
	j,j,r
	
	
	j,1,r
	

	NACK/DTX
	ACK
	NACK/DTX
	ACK
	
	
	
	-j,-j,r
	
	
	1,j,r
	

	NACK/DTX
	NACK/DTX
	ACK
	ACK
	
	
	
	-1,-1,r
	
	
	-1,-1,r
	

	ACK
	NACK/DTX
	ACK
	NACK/DTX
	
	
	1,1
	r
	-j,-j
	r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	ACK
	
	
	j,j
	r
	j,1
	r
	
	

	ACK
	NACK/DTX
	ACK
	ACK
	
	
	-j,-j
	r
	1,j
	r
	
	

	ACK
	ACK
	NACK/DTX
	ACK
	
	
	-1,-1
	r
	-1,-1
	r
	
	

	DTX
	DTX
	NACK/DTX
	NACK/DTX
	No Transmission


2.1.3 SORTD

A simple extension of the single antenna channel selection for multiple-antenna scenario is to allocate two separate sets of orthogonal resources for the two antennas and to let each antenna transmit a channel selection signal using its allocated orthogonal resources. The modulation symbols transmitted by each antenna at each subframe are the same. In this method, which is called SORTD, since the orthogonal resources of the two antennas do not overlap, twice the number of orthogonal resources used for single antenna transmission are required.  In addition to the drawback of reduced spectral efficiency, because SORTD requires additional resources, significant change may be needed to Rel-10 PUCCH resource allocation mechanisms to support the 8 resources needed for 4 Ack/Nack bits.

Observation:

· In additional to spectral efficiency, SORTD schemes for 4 Ack/Nack bits may significantly impact resource allocation mechanisms.

2.2 TxD Schemes for Transmission of 3 A/N bits

The existing resource-efficient transmit diversity schemes for 3 A/N bits use 4 resources. This number is slightly larger than the 3 resources used for single antenna transmission, but still considerably smaller than the 6 resources needed for SORTD. These schemes are illustrated and discussed below. 

2.2.1 RSTD1
3-bit RSTD1 is shown in Table 4
. This code is based on 4-bit RSTD1 in terms of resource mapping. Indeed, 9 codewords (out of 16) are chosen from Table 1 to define resource mappings for 9 combinations of 3 A/N bits. Defining the codewords with the same resource mapping in Table 1 to form a codeword group, the 3-bit codewords are chosen such that there are 4, 2, 2, and 1 codewords selected from 4 different codeword groups. For the 4 codewords selected from a single group, the modulation symbol mapping of the original codewords are used. For the other codewords, antipodal modulation symbols are used to maximize the distance between those codewords in a codeword group.
Table 4: 3 bit RSTD1
	HARQ-ACK(0)
	HARQ-ACK(1)
	HARQ-ACK(2)
	Antenna Port 0
	Antenna Port 1

	
	
	
	Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	NACK/DTX
	NACK
	DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	NACK
	NACK/DTX
	DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	j,j,r
	
	
	
	
	j,1,r
	
	

	NACK/DTX
	ACK
	NACK/DTX
	-j,-j,r
	
	
	
	
	1,j,r
	
	

	ACK
	ACK
	NACK/DTX
	-1,-1,r
	
	
	
	
	-1,-1,r
	
	

	ACK
	ACK
	ACK
	r
	-1,-1
	
	
	
	
	-1,-1
	r

	ACK
	NACK/DTX
	ACK
	r
	1,1
	
	
	
	
	1,1
	r

	NACK/DTX
	NACK/DTX
	NACK
	
	
	1,1,r
	
	
	
	
	1,1,r

	NACK/DTX
	NACK/DTX
	ACK
	
	
	-1,-1,r
	
	
	
	
	-1,-1,r

	NACK/DTX
	ACK
	ACK
	
	
	r
	1,1
	1,1
	r
	
	

	DTX
	DTX
	DTX
	No Transmission


Observations:
· If a cell is DTX, the UE still has enough resources to transmit
This property is enforced in 3-bit RSTD1 by selecting the right codeword for each combination of A/N bits. In particular, there are 4 combinations of A/N bits corresponding to DTX on the serving cell 2. Assuming PUCCH resources 0 and 1 are implicitly signalled by PDCCH on the serving cell 1, and PUCCH resources 2 and 3 are explicitly signalled by PDCCH on a serving cell 2, these 4 codewords are chosen from the codeword group in Table 1 that uses only resources 0 and 1. Also, there are 2 combinations of A/N bits corresponding to DTX on serving cell 1. These 2 codewords should be selected from the codeword group that uses only resources 2 and 3. These considerations have been taken into account in the design of Table 4.
The two cases mentioned above are illustrated in Table 4 by shading the rows where a cell can be DTX to be red for serving cell 1, and blue for serving cell two.  In both cases, only resources signalled from the serving cell that is not DTX are used for transmission.

· Implicit resource allocation is supported.
This property is directly inherited from the 4-bit RSTD1 because as far as the resource mapping is concerned, 3-bit RSTD1 is a subset of 4-bit RSTD1.
· Commonality with single antenna transmission.
Similar to 4 bit RSTD1, when only one of serving cell 1 or serving cell 2 is scheduled, antenna port 0 is the same as single antenna transmission.  However, four resources must be allocated for 3-bit RSTD1, which is different from the number allocated for 3 bit single antenna transmission but similar to the 4 bit single antenna case.
2.2.2 RSTD2

Examining Table 4, it is observed that there exist two codewords in 3 bit RSTD1 that use different modulation symbols for the two slots on the second antenna port. This is a slight deviation from format 1b in which a single modulation symbol is used for both slots. This small change keeps backward compatibility with format 1b. However, if more simplicity is desired, it is possible to change the modulation symbols mapping to align it with format 1b. RSTD2, shown in Table 5, is such a TxD scheme obtained from RSTD1 by removing time variation of modulation symbols. As will be seen in simulation results, this change in modulation symbols mapping yields to a slightly reduced coding gain.
Table 5: 3 bit RSTD2
	HARQ-ACK(0)
	HARQ-ACK(1)
	HARQ-ACK(2)
	Antenna Port 0
	Antenna Port 1

	
	
	
	Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	NACK/DTX
	NACK
	DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	NACK
	NACK/DTX
	DTX
	1,1,r
	
	
	
	
	-j,-j,r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	j,j,r
	
	
	
	
	j,j,r
	
	

	NACK/DTX
	ACK
	NACK/DTX
	-j,-j,r
	
	
	
	
	1,1,r
	
	

	ACK
	ACK
	NACK/DTX
	-1,-1,r
	
	
	
	
	-1,-1,r
	
	

	ACK
	ACK
	ACK
	r
	-1,-1
	
	
	
	
	-1,-1
	r

	ACK
	NACK/DTX
	ACK
	r
	1,1
	
	
	
	
	1,1
	r

	NACK/DTX
	NACK/DTX
	NACK
	
	
	1,1,r
	
	
	
	
	1,1,r

	NACK/DTX
	NACK/DTX
	ACK
	
	
	-1,-1,r
	
	
	
	
	-1,-1,r

	NACK/DTX
	ACK
	ACK
	
	
	r
	1,1
	1,1
	r
	
	

	DTX
	DTX
	DTX
	No Transmission


Observations: RSTD2 inherits the desired properties of RSTD1, namely

· If a cell is DTX, the UE still has enough resources to transmit
· Implicit resource allocation is supported.
· Commonality with single antenna transmission when only one of serving cell 1 or serving cell 2 is scheduled.

2.2.3 E-SORTD2

Another 4 resource TxD scheme for transmission of 3 A/N bits is E-SORTD2, which is shown in Table 6. The main structural difference between 3 bit RSTD1/2 and 3 bit E-SORTD2 is that in the latter each antenna uses only 3 resources; whereas, in the former, each antenna uses all 4 resources. In terms of codeword definition, this property translates to differences between only two codewords in Table 6 and the corresponding codewords in Table 5:
1)  The codewords corresponding to (N/D,A,A) have different resource mappings and different modulation symbol mappings.
2) The codewords corresponding to (A,N/D,A) use the same resource mapping, but different modulation symbols.
Because of these differences and also the modulation coding used in RSTD schemes, the codeword distances in E-SORTD2 are smaller than those in RSTD schemes. This is reflected in the performance of these codes shown in the simulation results.

Table 6: 3 bit E-SORTD2
	HARQ-ACK(0)
	HARQ-ACK(1)
	HARQ-ACK(2)
	Antenna Port 0
	Antenna Port 1

	
	
	
	Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	NACK/DTX
	NACK
	DTX
	1,1,r
	
	
	
	
	1,1,r
	
	

	NACK
	NACK/DTX
	DTX
	1,1,r
	
	
	
	
	1,1,r
	
	

	ACK
	NACK/DTX
	NACK/DTX
	j,j,r
	
	
	
	
	j,j,r
	
	

	NACK/DTX
	ACK
	NACK/DTX
	-j,-j,r
	
	
	
	
	-j,-j,r
	
	

	ACK
	ACK
	NACK/DTX
	-1,-1,r
	
	
	
	
	-1,-1,r
	
	

	ACK
	ACK
	ACK
	r
	-1,-1
	
	
	
	
	r
	-1,-1

	ACK
	NACK/DTX
	ACK
	r
	j,j
	
	
	
	
	r
	j,j

	NACK/DTX
	NACK/DTX
	NACK
	
	
	1,1,r
	
	
	
	
	1,1,r

	NACK/DTX
	NACK/DTX
	ACK
	
	
	-1,-1,r
	
	
	
	
	-1,-1,r

	NACK/DTX
	ACK
	ACK
	r
	-j,-j
	
	
	
	
	r
	-j,-j

	DTX
	DTX
	DTX
	No Transmission


Observations:
· If a cell is DTX, the UE still has enough resources to transmit
· Implicit resource allocation is supported.
2.2.4 SORTD

Similar to the case of 4 A/N bits, SORTD can be utilized for transmission of 3 A/N bits, but with 6 resources. In addition to reduced spectral efficiency, SORTD complicates the resource allocation mechanisms.

2.3 TxD Schemes for Transmission of 2 A/N bits

Transmission of 2 A/N bits with channel selection on a single antenna requires 2 resources. Since transmission on two antennas requires 2 distinct resources to be used (one for each antenna) and because of applying channel selection, it seems having an efficient TxD scheme with less than 4 resources is challenging. With 4 resources, SORTD can be applied to achieve transmit diversity gain. Table 7 shows the mapping table for a 2 bit SORTD. Assuming PUCCH resources 0 and 1 are implicitly signalled by PDCCH on the primary cell, and PUCCH resources 2 and 3 are explicitly signalled by PDCCH on the secondary cell 2, the resource mapping is selected such that only resources signalled from the serving cell that is not DTX are used for transmission.
Table 7: 2 bit SORTD
	HARQ-ACK(0)
	HARQ-ACK(1)
	Antenna Port 0
	Antenna Port 1

	
	
	Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	Nack
	Nack/DTX
	1,1,r
	
	
	
	
	1,1,r
	
	

	ACK
	NACK/DTX
	-1,-1,r
	
	
	
	
	-1,-1,r
	
	

	NACK/DTX
	ACK
	
	
	1,1,r
	
	
	
	
	1,1,r

	Ack
	ACK
	
	
	-1,-1,r
	
	
	
	
	-1,-1,r

	DTX
	Nack/DTX
	No Transmission


Observation:
· It is difficult to design TxD schemes for channel selection with less than 4 resources. Hence, when resource efficiency is not required for transmission of 2 A/N bits for more than one configured cell, SORTD may be one solution.
3 Simulation Results

We study the performance of transmit diversity schemes for channel selection in the cases of 4, 3, and 2 HARQ-Ack bits transmission. For 4 and 3 HARQ-Ack bits, 4 TxD schemes are evaluated: SORTD, RSTD1, RSTD2, and E-SORTD2. For the simulation results of E-SORTD1, M-SCBC, M-SORTD, and M-SORTD2, please see [7]. For 2 HARQ-Ack bits, SORTD is evaluated. For all scenarios, the performance of the TxD schemes is compared against the performance of single antenna channel selection.  The simulation assumptions are provided in the Appendix.

In the Ack/Nack multiplexing simulation assumptions of Rel.-10 [9], three performance requirements are agreed on for Ack/Nack transmission:

1) Probability (PUCCH ACK ( NACK / DTX) = 1%
2) Probability (PUCCH NACK ( ACK) = 0.1%
3) Probability (PUCCH DTX ( ACK) ≤ 1%

Table 8, Table 9, and Table 10 summarize the required SNRs of various transmission schemes for 4, 3, and 2 HARQ-Ack bits, respectively. The minimum required SNR is defined based on the above mentioned performance requirements. For each scheme, a DTX to Ack error rate
 of less than or equal to 1% is determined such that the SNR that satisfies the first two requirements is minimized. This optimum value of DTX to Ack error rate ensures the best performance of each scheme.  The DTX to Ack error rate varies for the different schemes and is shown in the last row of the tables.

Table 8: Minimum required SNR for 4-bit TxD in ETU, 5 MHz, 3 kph 
	Scheme
	SORTD
	RSTD1
	RSTD2
	E-SORTD2
	Single Tx

	Required SNR
	-7.49dB
	-7.32dB
	-7.28
	-7.11dB
	-6.41dB

	Gain over Single Tx
	1.08dB
	0.91dB
	0.87dB
	0.7dB
	0 dB

	DTX to Ack Error Rate
	0.12%
	0.14%
	0.12%
	0.09%
	0.2%


Table 9: Minimum required SNR for 3-bit TxD in ETU, 5 MHz, 3 kph
	Scheme
	SORTD
	RSTD1
	RSTD2
	E-SORTD2
	Single Tx

	Required SNR
	-7.86dB
	-7.77dB
	-7.68dB
	-7.39dB
	-6.77dB

	Gain over Single Tx
	1.09dB
	1.0dB
	0.88dB
	0.62dB
	0dB

	DTX to Ack Error Rate
	0.09%
	0.14%
	0.12%
	0.06%
	0.16%


Table 10: Minimum required SNR for 2-bit TxD in ETU, 5 MHz, 3 kph 
	Scheme
	SORTD
	Single Tx

	Required SNR
	-8.92dB
	-7.79dB

	Gain over Single Tx
	1.13dB
	0dB

	DTX to Ack Error Rate
	1%
	1%


We observe that SORTD, RSTD1, RSTD2, E-SORTD1, and E-SORTD2 all provide some performance gain over single antenna transmission.  In both 4-bit and 3-bit scenarios, and among the schemes that use only 4 orthogonal resources, RSTD1 provides the best performance. RSTD2 is slightly worse than RSTD1, but still provides remarkable gain over single antenna transmission.

Effect of Antenna Gain Imbalance (AGI):
To evaluate the performance of various TxD schemes in the presence of AGI, we consider a scenario where the gain of the antenna port #1 is 3dB less than the gain of antenna port #0. Since AGI cannot be applied to single antenna scenario, for having a fair comparison, we consider an almost equivalent scenario where we can have perfect power combining (PC) of the two antennas. It should be noted that due to antenna correlation or other hardware limitations, perfect PC is challenging to attain in implementation. Hence, the comparisons provided here represent a worst case scenario in terms of TxD gains.

Table 11, Table 12, and Table 13 show the simulation results of various TxD schemes in the presence of 3dB AGI. It is observed that while 3 dB AGI reduces the gain of TxD schemes, gains near the case without AGI are achieved.
Table 11: Minimum required SNR for 4-bit TxD in ETU, 5 MHz, 3 kph, -3dB AGI on antenna port #1

	Scheme
	SORTD
	RSTD1
	RSTD2
	E-SORTD2
	PC

	Required SNR
	-6.14dB
	-5.95dB
	-5.89
	-5.70
	-5.16dB

	Gain over PC
	0.98dB
	0.79dB
	0.73dB
	0.54dB
	0dB

	DTX to Ack Error Rate
	0.13%
	0.14%
	0.13%
	0.09%
	0.2%


Table 12: Minimum required SNR for 3-bit TxD in ETU, 5 MHz, 3 kph, -3dB AGI on antenna port #1
	Scheme
	SORTD
	RSTD1
	RSTD2
	E-SORTD2
	PC

	Required SNR
	-6.48dB
	-6.35
	-6.26dB
	-6.06dB
	-5.52dB

	Gain over PC
	0.96dB
	0.83dB
	0.74dB
	0.54dB
	0dB

	DTX to Ack Error Rate
	0.09%
	0.13%
	0.11%
	0.06%
	0.16%


Table 13: Minimum required SNR for 2-bit TxD in ETU, 5 MHz, 3 kph, -3dB AGI on antenna port #1
	Scheme
	SORTD
	PC

	Required SNR
	-7.50dB
	-6.54dB

	Gain over Single Tx
	0.96dB
	0dB

	DTX to Ack Error Rate
	1%
	1%


In general, we found that:

· RSTD1 can provide significant gains over single Tx transmission (of up to 1.0 dB) by exploiting reference symbol channel selection and slot/antenna specific data symbol transmission.  
· Even though RSTD1 uses the same number of resources as single antenna channel selection, its gains are quite close to those of SORTD using double the number of resources.  
· Smaller gains (up to 0.88dB) are achieved by RSTD2 which has a simplified modulation symbol mapping in order to be aligned with format 1b.
· The gain of E-SORTD2 is the smallest among all resource efficient TxD schemes. However, it enjoys a simpler modulation symbol mapping compared to RSTD1 and RSTD2.
· AGI reduces the gain of TxD schemes, but gains near the case without AGI are still achievable.  

4 Conclusions

In this paper, we further considered the multiplexing capacity and performance of resource efficient transmit diversity schemes for LTE-A channel selection for 3 and 4 bit Ack/Nack configurations.  We found that resource efficient TxD exploiting reference symbol or modulation coding can obtain gains of about 1 dB over single antenna transmission.  Furthermore, since these TxD schemes require a similar number of PUCCH resources as single antenna port transmission, the gains can come without decreasing the multiplexing capacity of channel selection.  
It is difficult to design two bit TxD schemes for channel selection with less than 4 resources.   While it is worth further study to determine if improved resource efficiency is possible for the two bit case, when PUCCH resource efficiency is not required for transmission of 2 A/N bits, SORTD may be one solution.
We also considered the compatibility of TxD schemes with resource allocation mechanisms. We observed that TxD schemes may need some customization to support implicit resource allocation for cases where a cell is DTX.  However, we have not yet seen a need to modify Rel-10 DTX behaviors to enable resource efficient TxD.  
Given the performance and multiplexing gain benefits, we recommend for FDD channel selection that: 

· Proposal 1: Transmit diversity should be supported for channel selection for at least 3 and 4 Ack/Nack bits.
· Proposal 2: Channel selection with Tx diversity should occupy no more than 4 PUCCH resources.
· Proposal 3: HARQ states combinations supported in Rel-10 for single antenna should be a baseline for transmit diversity.
· Proposal 4: Rel-10 resource allocation mechanisms supported for single antenna transmission should be a baseline for FDD channel selection Tx diversity
· Proposal 5: Resource efficient TxD schemes that exploit reference symbol and modulation coding are used to support 4 and 3 Ack/Nack bits.  Due to their better performance and small impact on complexity, we tend to prefer schemes that support cross-slot coding such as Table 1 and Table 4.
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Appendix: Simulation Assumptions
Table 14: Simulation Assumptions
	Parameter 
	Assumption 

	Carrier Frequency 
	2 GHz 

	Bandwidth 
	5 MHz

	Cyclic Prefix
	Normal

	PUCCH Configuration 
	Format 1b 
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	No. of Ack/Nack bits
	2.3,4

	Number of PRBs 
	1 

	Frequency Hopping
	On (at slot boundary)

	MIMO Configuration 
	1x2 and 2x2 

	Channel Model 
	ETU

	UE Speed 
	3 km/h 

	Receiver 
	Maximum Likelihood

	Channel Estimation 
	Realistic 

	RX false alarm detection threshold
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	Number of UEs in the cell 
	1 


� EMBED Equation.3  ���


























� Please note that the modulation symbols mapping in � REF _Ref308108531 \h ��Table 4� has slightly varied from 3 bit RSTD in � REF _Ref308083413 \r \h ��[7]� to have more commonality with single antenna transmission. However, the structure of both codes is the same and they demonstrate the same performance. Hence, we continue to refer to both codes as RSTD1.


� Two different definitions are provided for DTX to Ack error rate in � REF _Ref308170524 \r \h ��[9]�. The values reported in this contribution are based on definition 2 as defined in the Appendix. However, it should be noted that switching the definition only changes the constraint on DTX to Ack error rate. Since in cases of 3 and 4 A/N bits, the optimum values of DTX to Ack error rates are well below the limit of 1%, the TxD gains do not depend on what definition is used. For the case of 2 A/N bits, changing the definition of DTX to Ack error rate would result in a small change in the gain observed by SORTD. 
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