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1. Introduction 

Proposals to support uplink transmit diversity (TxD) for up to 4 Ack/Nack bits were introduced in RAN1#62.  The proposals fell into two categories: those that require more orthogonal resources than single antenna transmission (such as SORTD), and those that do not (schemes that we label “resource selection transmit diversity”, or “RSTD”).  One might expect that there is a tradeoff between the bit error rate performance and the number of orthogonal resources used. In this contribution, we investigate these tradeoffs, comparing different TxD schemes as well their benefit over single antenna transmission.  

Through simulations presented in this contribution, we find that RSTD schemes can provide significant gain over single antenna transmission even when they use the same number of orthogonal resources as single antenna transmission. Furthermore, it is possible to construct methods that support a variable number of Ack/Nack bits using a single “nested” RSTD code.

Given the SNR gain achieved by TxD channel selection, and that this gain can be achieved without using more orthogonal resources than single antenna transmission, we propose that TxD be supported for channel selection for up to 4 Ack/Nack bits.  Furthermore, given its performance benefits over the alternatives and its capability to support variable rate operation, we propose an RSTD scheme using pair wise channel selection and cross antenna coding be supported as TxD for channel selection in LTE-A uplink transmission.
2. TxD Approaches for Channel Selection

Because a second antenna port is available, RSTD schemes can use another (spatial) degree of freedom to communicate the Ack/Nack information and hence improve the performance as compared to single antenna channel selection.  Considering a general framework, we assume the resources used for reference signal may vary from those used for data. Also, the data symbols the second antenna carries can be different between the two slots. We compare the behavior of alternative RSTD designs using this framework and notation extended from [1] and [2].

In the following tables, the combinations of Ack/Nack bits are indicated by the rows, the orthogonal resources used for data or reference symbols are indicated by the columns, and the data symbols transmitted 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.  For concreteness, we assume that the QPSK symbols corresponding to s0, s1, s2, and s3, are 1, j, -j, and -1, respectively.  The orthogonal 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 orthogonal resource used for the reference signals does not vary between slots, only one ‘r’ is needed per antenna on a row.

Table 1: RSTD Code #1: Modified SORTD example 

	A/N bits
	Antenna port#0
	Antenna port#1

	 b3
	b2
	b1
	b0
	 Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	0
	0
	0
	0
	s0,s0,r
	　
	　
	　
	　
	r
	s0,s0
	　

	0
	0
	0
	1
	s1,s1,r
	　
	　
	　
	　
	r
	s1,s1
	　

	0
	0
	1
	0
	s2,s2,r
	　
	　
	　
	　
	r
	s2,s2
	　

	0
	0
	1
	1
	s3,s3,r
	　
	　
	　
	　
	r
	s3,s3
	　

	0
	1
	0
	0
	r
	s0,s0
	
	　
	s0,s0
	r
	　
	

	0
	1
	0
	1
	r
	s1,s1
	
	　
	s1,s1
	r
	　
	

	0
	1
	1
	0
	r
	s2,s2
	
	　
	s2,s2
	r
	　
	

	0
	1
	1
	1
	r
	s3,s3
	
	　
	s3,s3
	r
	　
	

	1
	0
	0
	0
	r
	　
	s0,s0
	　
	
	r
	
	s0,s0

	1
	0
	0
	1
	r
	　
	s1,s1
	　
	
	r
	
	s1,s1

	1
	0
	1
	0
	r
	　
	s2,s2
	　
	
	r
	
	s2,s2

	1
	0
	1
	1
	r
	　
	s3,s3
	　
	
	r
	
	s3,s3

	1
	1
	0
	0
	r
	
	　
	s0,s0
	
	s0,s0,r
	　
	

	1
	1
	0
	1
	r
	
	　
	s1,s1
	
	s1,s1,r
	　
	

	1
	1
	1
	0
	r
	
	　
	s2,s2
	
	s2,s2,r
	　
	

	1
	1
	1
	1
	r
	
	　
	s3,s3
	
	s3,s3,r
	　
	


Using this notation, the modified SORTD example of [2] can be expressed in Table 1 above.  We observe that each Ack/Nack bit combination selects a pair of resources to be used for transmission of data and reference signals over the two antennas. In this sense, this is an extension of single antenna channel selection in which only one resource is selected for transmission.  Due to the adopted resource selection pattern, we note that if a subset of the A/N bits is used, a smaller number of orthogonal resources are required.  For example, if the first 8 rows are used (such that only bits b1, b2, and b3 vary), then only resources 0, 1, and 2 are needed to communicate these 3 bits.  Similarly, if only the first 4 states are used, then only resources 0 and 2 are needed to communicate two bits.  Because of this ‘nested’ property, where a code with a smaller number of bits that consumes a smaller number of resources is a subset of the larger code, one code can be used with a variable number of information bits.

The SCBC variant simulated in [1] is shown in Table 2 below. Our understanding of [1] is that the constellation symbols s0, s1, s2, and s3 are 
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, respectively.  Also, note that the notation has been changed to remove the negation and conjugation so that it can be more easily compared to other methods.  Similar to modified SORTD, the code uses only four orthogonal resources in total. However, only two pairs of orthogonal resources are used making the orthogonal resource allocation pattern different from that of modified SORTD. Also, as opposed to modified SORTD, only a single resource is used for the reference symbols on each antenna.  Furthermore, the data symbols used on antenna 1 differ from those of antenna 0.  We would therefore observe that this code exploits the degree of freedom offered by the second antenna in two ways: by varying the data symbol as well as the orthogonal resource used for the data symbol on the second antenna.  Like the modified SORTD code above, this code also has the nested property where a smaller number of information bits consume a smaller number of resources.  Indeed, it is slightly better in terms of resource usage here: 2 resources are used for the first 8 states of the table (to communicate 3 bits).  However, this reduced number of orthogonal resources for the first 8 states may come at some price in performance.

We show a version of RSTD with RS and slot coding in Table 3. It has similarities to both modified SORTD and the SCBC of [1]. It is similar to modified SORTD in the sense that 4 different pairs of channels are used by different codewords (whereas in SCBC of [1], only two pairs of channels are used)
Table 2: RSTD Code #2: SCBC of [1] 
	A/N bits
	Antenna port#0
	Antenna port#1

	 b3
	b2
	b1
	b0
	 Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	0
	0
	0
	0
	s0,s0,r
	　
	　
	　
	
	s2,s2,r
	
	　

	0
	0
	0
	1
	s1,s1,r
	　
	　
	　
	
	s3,s3,r
	
	　

	0
	0
	1
	0
	s2,s2,r
	　
	　
	　
	
	s0,s0,r
	
	　

	0
	0
	1
	1
	s3,s3,r
	　
	　
	　
	
	s1,s1,r
	
	　

	0
	1
	0
	0
	　r
	s0,s0
	
	　
	s1,s1
	　r
	　
	

	0
	1
	0
	1
	　r
	s1,s1
	
	　
	s0,s0
	　r
	　
	

	0
	1
	1
	0
	　r
	s2,s2
	
	　
	s3,s3
	　r
	　
	

	0
	1
	1
	1
	　r
	s3,s3
	
	　
	s2,s2
	　r
	　
	

	1
	0
	0
	0
	　r
	　
	s0,s0
	　
	
	　r
	
	s2,s2

	1
	0
	0
	1
	　r
	　
	s1,s1
	　
	
	　r
	
	s3,s3

	1
	0
	1
	0
	　r
	　
	s2,s2
	　
	
	　r
	
	s0,s0

	1
	0
	1
	1
	　r
	　
	s3,s3
	　
	
	　r
	
	s1,s1

	1
	1
	0
	0
	　r
	
	　
	s0,s0
	
	　r
	s1,s1
	

	1
	1
	0
	1
	　r
	
	　
	s1,s1
	
	　r
	s0,s0
	

	1
	1
	1
	0
	　r
	
	　
	s2,s2
	
	　r
	s3,s3
	

	1
	1
	1
	1
	　r
	
	　
	s3,s3
	
	　r
	s2,s2
	


Table 3: RSTD Code #3: RS and Slot Coding

	A/N bits
	Antenna port#0
	Antenna port#1

	 b3
	b2
	b1
	b0
	 Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	0
	0
	0
	0
	s0,s0,r
	　
	　
	　
	　
	s2,s2,r
	
	

	0
	0
	0
	1
	s1,s1,r
	　
	　
	　
	　
	s1,s0,r
	
	

	0
	0
	1
	0
	s2,s2,r
	　
	　
	　
	　
	s0,s1,r
	
	

	0
	0
	1
	1
	s3,s3,r
	　
	　
	　
	　
	s3,s3,r
	
	

	0
	1
	0
	0
	
	s0,s0
	　r
	　
	
	　r
	s2,s2
	

	0
	1
	0
	1
	
	s1,s1
	　r
	　
	
	　r
	s1,s0
	

	0
	1
	1
	0
	
	s2,s2
	　r
	　
	
	　r
	s0,s1
	

	0
	1
	1
	1
	
	s3,s3
	　r
	　
	
	　r
	s3,s3
	

	1
	0
	0
	0
	
	　
	　r
	s0,s0
	s2,s2
	
	
	　r

	1
	0
	0
	1
	
	　
	　r
	s1,s1
	s1,s0
	
	
	　r

	1
	0
	1
	0
	
	　
	　r
	s2,s2
	s0,s1
	
	
	　r

	1
	0
	1
	1
	
	　
	　r
	s3,s3
	s3,s3
	
	
	　r

	1
	1
	0
	0
	　r
	
	s0,s0
	
	
	
	　
	s2,s2,r

	1
	1
	0
	1
	　r
	
	s1,s1
	
	
	
	　
	s1,s0,r

	1
	1
	1
	0
	　r
	
	s2,s2
	
	
	
	　
	s0,s1,r

	1
	1
	1
	1
	　r
	
	s3,s3
	
	
	
	
	s3,s3,r


As to the similarity with SCBC of [1] in Table 2, both codes use different data symbols on antenna 1 from antenna 0. Also, in both Table 3 and Table 2, the resource for a reference symbols is not always the same as that used for the corresponding data symbol.  Like both modified SORTD and SCBC of [1], RSTD code in Table 3 has a nesting property for 2 to 4 information bits.  However, Table 3 is more general than the previous codes in that it also allows the symbols to vary between slots on the second antenna, and because the reference symbols’ orthogonal resources vary with the data in a different manner than how the data orthogonal resources vary.  These generalizations allow it to obtain improved performance.

Some alternative RSTD codes with certain structural characteristics are described in Appendix 2.

3. Simulation Results

We study the performance of 6 RSTD approaches: modified SORTD [2], SCBC of [1], generalized RSTD with both RS and slot coding, with RS coding, with slot coding, and also reconfigurable RSTD with RS and slot coding. We also simulated SORTD using 8 orthogonal resources and single antenna transmission.  The simulation assumptions and the performance curves are provided in Appendix 1.

TablesTable 4,Table 5, andTable 6 summarize the required SNRs in SCM-C, ETU, and EPA channel models considering the Nack to Ack and Ack to (Nack,DTX) curves at 0.1% and 1%, respectively.

Table 4: Minimum required SNR for various TxD schemes in SCM-C, 10 MHz, 3 kph channel model

	Scheme
	8 Resource SORTD
	RS and Slot Coded RSTD
	RS Coded RSTD 
	Reconfigurable RSTD
	Slot Coded RSTD 
	Modified SORTD
	SCBC of [1]
	Single Tx

	Required SNR
	-7.75 dB
	-7.65 dB
	-7.55dB
	-7.45dB
	-6.9 dB
	-6.75 dB
	-6.55 dB
	-6.15 dB

	Gain over Single Tx 
	1.6 dB
	1. 5 dB
	1.4 dB
	1.3 dB
	0.75 dB
	0.6 dB
	0.4 dB
	0 dB


Table 5: Minimum required SNR for various TxD schemes in ETU, 5 MHz, 3 kph channel model

	Scheme
	8 Resource SORTD
	RS and Slot Coded RSTD
	RS Coded RSTD 
	Reconfigurable RSTD
	Slot Coded RSTD 
	Modified SORTD
	SCBC of [1]
	Single Tx

	Required SNR
	-7.55 dB
	-7.55 dB
	-7.45dB
	-7.3 dB
	-6.8 dB
	-6.65 dB
	-6.4 dB
	-6.3 dB

	Gain over Single Tx
	1.25 dB
	1.25 dB
	1.15 dB
	1.0 dB
	0.5 dB
	0.35 dB
	0.1 dB
	0 dB


Table 6: Minimum required SNR for various TxD schemes in EPA, 10 MHz, 3 kph channel model

	Scheme
	8 Resource SORTD
	RS and Slot Coded RSTD
	RS Coded RSTD 
	Reconfigurable RSTD
	Slot Coded RSTD 
	Modified SORTD
	SCBC of [1]
	Single Tx

	Required SNR
	-8.10 dB
	-8.15 dB
	-8.10 dB
	-7.85dB
	-7.45 dB
	-7.2 dB
	-6.95 dB
	-6.95 dB

	Gain over Single Tx
	1.15 dB
	1.2 dB
	1.15 dB
	0.9 dB
	0.5 dB
	0.25 dB
	0 dB
	0 dB


We observe that RSTD based schemes tend to have on the order of 1 dB better performance than modified SORTD and the SCBC of [1]. Therefore, by exploiting reference symbol and/or slot coding, we can obtain more significant gains of up to 1.4 dB over single antenna transmission. 

In general, we found that:

· RSTD schemes can support variable rate transmission efficiently, requiring 2, 3, or 4 resources to transmit 2, 3, or 4 Ack/Nack bits. 

· RSTD can provide significant gains over single Tx transmission (of up to 1.4 dB in an SCM-C channel) if it exploits reference symbol resource selection and/or slot specific data symbol transmission.  
· Even though these RSTD codes use the same number of resources as single antenna channel selection, their gains are quite close to those of SORTD using double the number of resources.  
· Smaller gains (0 to 0.6 dB) are possible using schemes with fixed orthogonal resources and single data symbol per subframe, such as the SCBC variant of [1] and modified SORTD [2].  
4. Conclusions

In this paper, we considered the multiplexing capacity and performance of resource selection transmit diversity (RSTD) schemes for LTE-A channel selection using format 1b.  We found that RSTD codes exploiting reference symbol or slot coding can obtain gains of up to 1.4 dB over single antenna transmission.  Furthermore, since these codes require the same number of orthogonal resources as single antenna port transmission, the gains can come without decreasing the multiplexing capacity of channel selection.

Given the performance and multiplexing gain benefits, we recommend: 

· Proposal 1: Transmit diversity should be adopted in LTE-A  to support channel selection

· Proposal 2: The number of PUCCH resources configured for channel selection with Tx diversity is equal to the number of PUCCH resources configured for channel selection with single antenna transmission.

· Proposal 3: An RSTD scheme that exploits reference symbol or slot coding such as Table 3 or Table 10 is used to support up to 4 Ack/Nack bits.
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Appendix 1: Simulation Assumptions
Table 7: Simulation Assumptions

	Parameter 
	Assumption 

	Carrier Frequency 
	2 GHz 

	Bandwidth 
	10 MHz (for SCM-C and EPA)

 5 MHz for ETU

	Cyclic Prefix
	Normal

	PUCCH Configuration 
	Format 1b 

	No. of Ack/Nack bits
	4

	Number of PRBs 
	1 

	Frequency Hopping
	On (at slot boundary)

	MIMO Configuration 
	1x2 and 2x2 

	Channel Model 
	ETU, EPA, SCM-C ([3], section A.1.3)

	UE Speed 
	3 km/h 

	Receiver 
	Maximum Likelihood

	Channel Estimation 
	Realistic 

	RX false alarm detection threshold
	[image: image8.wmf]2

10

DTX)

 

(PUCCH

#

bits)

Ack 

 

(false

#

 

 

Bits)

Ack 

 

 

DTX

 

PUCCH

 

Freq(

-

£

=

®




	Number of UEs in the cell 
	1 
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Figure 1: Error rate versus SNR for various TxD schemes in SCM-C channel model, 10MHz, 3 kph.
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Figure 2: Error rate versus SNR for various TxD schemes in ETU channel model, 5MHz, 3 kph.
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Figure 3: Error rate versus SNR for various TxD schemes in EPA channel model, 10MHz, 3 kph.

Appendix 2

The RS-only and slot-only versions of the generalized RSTD codes are provided below.

Table 8: RSTD Code #4: RS Coding

	A/N bits
	Antenna port#0
	Antenna port#1

	 b3
	b2
	b1
	b0
	 Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	0
	0
	0
	0
	s0,s0,r
	　
	　
	　
	　
	s2,s2,r
	
	

	0
	0
	0
	1
	s1,s1,r
	　
	　
	　
	　
	s1,s1,r
	
	

	0
	0
	1
	0
	s2,s2,r
	　
	　
	　
	　
	s0,s0,r
	
	

	0
	0
	1
	1
	s3,s3,r
	　
	　
	　
	　
	s3,s3,r
	
	

	0
	1
	0
	0
	
	s0,s0
	　r
	　
	
	　r
	s2,s2
	

	0
	1
	0
	1
	
	s1,s1
	　r
	　
	
	　r
	s1,s1
	

	0
	1
	1
	0
	
	s2,s2
	　r
	　
	
	　r
	s0,s0
	

	0
	1
	1
	1
	
	s3,s3
	　r
	　
	
	　r
	s3,s3
	

	1
	0
	0
	0
	
	　
	　r
	s0,s0
	s2,s2
	
	
	　r

	1
	0
	0
	1
	
	　
	　r
	s1,s1
	s1,s1
	
	
	　r

	1
	0
	1
	0
	
	　
	　r
	s2,s2
	s0,s0
	
	
	　r

	1
	0
	1
	1
	
	　
	　r
	s3,s3
	s3,s3
	
	
	　r

	1
	1
	0
	0
	　r
	
	s0,s0
	
	
	
	　
	s2,s2,r

	1
	1
	0
	1
	　r
	
	s1,s1
	
	
	
	　
	s1,s1,r

	1
	1
	1
	0
	　r
	
	s2,s2
	
	
	
	　
	s0,s0,r

	1
	1
	1
	1
	　r
	
	s3,s3
	
	
	
	　
	s3,s3,r


Table 9: RSTD Code #5 Slot Coding

	A/N bits
	Antenna port#0
	Antenna port#1

	 b3
	b2
	b1
	b0
	 Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	0
	0
	0
	0
	s0,s0,r
	　
	　
	　
	　
	s2,s2,r
	
	

	0
	0
	0
	1
	s1,s1,r
	　
	　
	　
	　
	s1,s0,r
	
	

	0
	0
	1
	0
	s2,s2,r
	　
	　
	　
	　
	s0,s1,r
	
	

	0
	0
	1
	1
	s3,s3,r
	　
	　
	　
	　
	s3,s3,r
	
	

	0
	1
	0
	0
	　r
	s0,s0
	
	　
	
	　r
	s2,s2
	

	0
	1
	0
	1
	　r
	s1,s1
	
	　
	
	　r
	s1,s0
	

	0
	1
	1
	0
	　r
	s2,s2
	
	　
	
	　r
	s0,s1
	

	0
	1
	1
	1
	　r
	s3,s3
	
	　
	
	　r
	s3,s3
	

	1
	0
	0
	0
	　r
	　
	
	s0,s0
	s2,s2
	　r
	
	

	1
	0
	0
	1
	　r
	　
	
	s1,s1
	s1,s0
	　r
	
	

	1
	0
	1
	0
	　r
	　
	
	s2,s2
	s0,s1
	　r
	
	

	1
	0
	1
	1
	　r
	　
	
	s3,s3
	s3,s3
	　r
	
	

	1
	1
	0
	0
	　r
	
	s0,s0
	
	
	　r
	　
	s2,s2

	1
	1
	0
	1
	　r
	
	s1,s1
	
	
	　r
	　
	s1,s0

	1
	1
	1
	0
	　r
	
	s2,s2
	
	
	　r
	　
	s0,s1

	1
	1
	1
	1
	　r
	
	s3,s3
	
	
	　r
	　
	s3,s3


In the alternative of Table 10 below, we demonstrate a reconfigurable RSTD that supports the scenario in which two of the resources are indicated on the PCell and the other resources are indicated on the SCell. Assume orthogonal resources 0 and 1 are signalled on the primary cell (PCell), and orthogonal resources 2 and 3 are signalled a secondary cell (SCell).  If the grant on the PDCCH of either the PCell or the SCell is missed, then either b0 and b1 or b2 and b3 will be zero (DTX).  For (b0,b1) = (0,0) resources 0 and 1 are always used.  For (b2,b3)=(0,0) resources 2 and 3 are used except when (b0,b1)=(0,0).  In this case (b1,b2) and (b2,b3) are pairs of Nacks or DTXs.  Whenever the PCell has at least one Nack, then we know resources 0 and 1.  When the PCell is DTXs and the Scell is DTXs, we have no problem, since the UE DTXs on all resources anyway.  When the PCell is DTXs, but the SCell is all Nacks (i.e. (b2,b3) =(0,0)), we don’t know resources 0 and 1, but need to transmit on them.  A simple solution to this problem is to DTX on all resources if a grant is not received on the PCell and when transmitting all Nacks for the SCell. With this solution, PUCCH resource is never used when the PDCCH for the PCell is not received and  (b2,b3) =(0,0).
It should be noted that resource mapping design requires some care for any RSTD scheme.  Further discussion can be found in [4].
Table 10: RSTD Code #6: Reconfigurable Structure with RS and Slot Coding to support Pair Wise Resource Allocation

	A/N bits
	Antenna port#0
	Antenna port#1

	 b3
	b2
	b1
	b0
	 Ch#0
	Ch#1
	Ch#2
	Ch#3
	Ch#0
	Ch#1
	Ch#2
	Ch#3

	0
	0
	0
	0
	s0,s0,r
	　
	　
	　
	　
	s2,s2,r
	
	

	0
	0
	0
	1
	s1,s1,r
	　
	　
	　
	　
	s1,s0,r
	
	

	0
	0
	1
	0
	s2,s2,r
	　
	　
	　
	　
	s0,s1,r
	
	

	0
	0
	1
	1
	s3,s3,r
	　
	　
	　
	　
	s3,s3,r
	
	

	1
	1
	0
	1
	
	s0,s0
	　r
	　
	
	　r
	s2,s2
	

	0
	1
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